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ABSTRACT
Articular cartilage is a specialized connective tissue, predominately composed of water,
collagen, and proteoglycans, that provides a smooth, lubricated surface for articulation in joints. It
has long been considered radioinsensitive and therefore unaffected by exposure to radiation in
medical settings. Due to the increased amount of yearly radiation exposure through radiotherapy
and ionizing radiation diagnostic procedures, there has been a renewed interest in how
radioinsensitive articular cartilage actually is. Despite this renewed interest, the majority of
studies do not focus on articular cartilage as their primary goal, but rather, have observed the
effects of total body irradiation. These studies have drawn different conclusions on the effects of
ionizing radiation on articular cartilage, but they have each drawn the same overall conclusion
that this research needs to be continued and broadened in order to make a consistent conclusion
on the radioinsensitivity of articular cartilage.
The purpose of this research was to investigate the mechanical and functional effects of
low doses of Gamma radiation and X-ray radiation as well as the mechanical and functional
effects of repeated exposures of low doses of Gamma radiation. This was accomplished by (1)
analyzing the mechanical and functional effects of Gamma radiation at doses of 2Gy, 2.5Gy, and
3Gy, (2) analyzing the mechanical and functional effects of three repeated Gamma radiation
exposures of 1Gy, 1.5Gy, and 2Gy as well as the mechanical and functional effects of three X-ray
radiation doses of 1.5mGy, 25mGy, and 4000mGy, and (3) exploring two possible mechanisms
for the mechanical changes seen in the irradiated articular cartilage.
Results showed that there were differences in the mechanics of the irradiated plugs over a
seven-day period after exposure. The irradiated plugs demonstrated a significantly lower modulus
seven days after exposure. When analyzing the release of proteoglycans from the single dose
Gamma irradiated plugs there was an acute and persistent release, which may be a contributor in
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the modulus decrease. However, for the repeated doses of Gamma irradiation, the plugs showed a
lower amount of proteoglycans released, indicating that fractionation of Gamma irradiation may
allow the plugs to recover from the exposures. There was also little difference between the
amount of proteoglycans remaining in the X-ray irradiated plugs when compared to the control
plugs, potentially indicating that low doses of X-ray radiation does not lead to significant changes
in the proteoglycan structure within articular cartilage. Finally, senescent staining indicated no
senescence in the chondrocytes exposed to 1.5mGy and 25mGy of X-ray radiation, but there was
an indication of the presence of ADAMTS5, an enzyme that degrades the proteoglycan aggrecan,
in 25mGy and 4000mGy plugs on day 1 after X-ray exposure.
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CHAPTER ONE
INTRODUCTION

1.1 Motivation
The amount of radiation that a person is exposed to yearly has dramatically increased over the
last few decades [8]. In the United States, the average yearly medical exposure dose increased
from 0-5mGy in 1982 to 30mGy in 2006 and is expected to continue increasing [8]. From 1982 to
2006, the average yearly medical exposure dose doubled in the United Kingdom and tripled in
Australia [8]. Therefore, understanding the effects of radiation on tissue is vital for protecting
individuals exposed to radiation.
There are two types of radiation: nonionizing and ionizing. Ionizing radiation is considered
more dangerous because it is energetic enough to produce charged particles called ions that can
cause cells to prematurely die or mutate incorrectly and become cancerous [8]. Individuals are
constantly exposed to ionizing radiation due to its use in the medical field for imaging, like in CT
scans, radiotherapy, and sterilization [3,5,6]. During 2011 in the United States, there were more
than 85 million CT scans performed and this number is continuing to increase [2]. This increase
in use of ionizing radiation for medical procedures has made it imperative to understand the
effects of ionizing radiation on healthy tissues such as articular cartilage.
Articular cartilage has previously been considered radioinsensitive and therefore considered
relatively unaffected when exposed to radiation in medical settings [1,4,7,9]. However, with the
increase in amounts of yearly radiation exposure through radiotherapy and ionizing radiation
diagnostic procedures, there has been an increased interest in determining the effects of ionizing
radiation on articular cartilage. Despite this renewed interested and increase in studies, there have

1

been conflicting conclusions drawn on the effects of ionizing radiation on articular cartilage.
However, all studies agree that more studies must be performed to determine effects caused by
ionizing radiation.

1.2 Research Aims
1.2.1

Aim 1: Articular Cartilage Mechanical and Functional Changes After Exposure to
Gamma Irradiation
The purpose of this aim is to understand the mechanical and functional changes that

occur when articular cartilage is exposed to various doses of Gamma radiation that are equivalent
to the doses patients are exposed to when undergoing fractionated radiotherapy for cancer
treatment. It has been previously accepted that articular cartilage was radioinsensitive, but current
studies suggest that articular cartilage is affected by radiation, whether positively or negatively is
still debated. The effects of radiation on articular cartilage will be determined using various
mechanical and biological methods.
1.2.2

Aim 2: Articular Cartilage Mechanical and Functional Changes After Repeated
Gamma Radiation and Very Low Dose X-ray Radiation
For patients undergoing fractionated radiotherapy, they are exposed to low doses of

Gamma radiation multiple times to build up to a total dose that is too dangerous for a one-time
exposure. This repeated exposure may cause repeated damage to the exposed tissue. For
healthcare workers performing fluoroscopy procedures, there are repeated exposures for each
fluoroscopy procedure. Thus, understanding the cumulative effects of low dose radiation on
articular cartilage after repeated exposures is essential.
The amount of radiation patients are exposed to during imaging procedures is
significantly less than the amount in fractionated radiotherapy. The rate at which patients are
receiving X-rays has been dramatically increasing over the past 12 years, therefore understanding
very low dose X-ray effects on articular cartilage is crucial.
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1.2.3

Aim 3: Articular Cartilage Mechanisms for Mechanical and Functional Changes
After Ionizing Radiation Exposure

Three main components to assess when examining the effects of radiation on articular
cartilage are cellular senescence, apoptosis, and degradation of the extracellular matrix. Cellular
senescence has been linked to reducing articular cartilage’s capacity to regenerate, which may
lead to changes in the mechanical properties of articular cartilage. The mechanical properties of
articular cartilage may also be altered by the degradation of the extracellular matrix, which may
occur after exposure to ionizing radiation.

1.3 Document Outline
Each chapter will follow the same outline. Chapter 2 will present background and a literature
review that is pertinent to the aforementioned aims. Chapter 3 will present research fulfilling Aim
1, determining mechanical and functional changes to articular cartilage after exposure to
fractionated radiotherapy doses of ionizing radiation. Chapter 4 will present research fulfilling
Aim 2, determining mechanical and functional changes to articular cartilage after exposure to
repeated fractionated radiotherapy doses of Gamma radiation and very-low doses of X-ray
radiation. Chapter 5 will present research fulfilling Aim 3, analyzing potential mechanisms for
the mechanical and functional changes articular cartilage undergoes after exposure to very-low
dose X-ray radiation. Chapter 6 will discuss overall conclusions from this work and
recommendations for future studies.
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CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
The amount of radiation that a person is exposed to yearly has dramatically increased
over the last few decades [33]. In the United States, the average yearly medical exposure dose
increased from 0-5mGy in 1982 to 30mGy in 2006 and is expected to continue increasing [52]. In
the United Kingdom, the average yearly medical exposure dose doubled from 1982 to 2006 and
tripled in Australia from 1982 to 2006 [52]. In January 2017 in the United States, 48% of an
average person’s yearly exposure to radiation was from medical procedures with 24% of that
coming from CT procedures, which translates to 1.47mGy per year [56]. Currently, the United
States has set a guideline that an individual should not receive more than 50mGy per year [56].
However, cancer patients and healthcare workers are exposed to much higher yearly doses.
Cancer patients that are prescribed fractionated radiotherapy undergo multiple fractions of 1.8Gy
to 2Gy doses per session to eventually be exposed to upwards of a total dose of 80Gy or
80,000mGy [35]. For healthcare workers, there has been an increase exposure to radiation
through the use of fluoroscopy procedures.
From 1991 to 2001, the number of prolonged fluoroscopy procedures increased by a
factor of two or more and is expected to continue increasing due to the desire to use less invasive
and less costly surgical procedures [34]. Fluoroscopy procedures have dramatically increased in
orthopaedic surgeries, which has led to an incidence of cancer in orthopedists that is four times
higher than any other specialists and eight times higher than control workers not exposed to
radiation [51]. Therefore, understanding the effects of ionizing radiation on tissue is vital for
protecting individuals exposed to ionizing radiation. In order to understand the effects of ionizing
radiation, the results of the effects of radiation on tissues must be translatable between studies.
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2.2 Articular Cartilage
Articular cartilage is a specialized hyaline cartilage that lines the end of diarthrodial
joints [12]. It functions to transmit loads with a low frictional coefficient due its ability to create a
smooth and lubricated surface for articulation [12]. The composition of articular cartilage is
unique since it is avascularized and lacks nerves and lymphatics. It is composed of a sparse
distribution of chondrocytes that along with the extracellular matrix and collagen fibers,
contributes to four zones [12].

Figure 2.1: Each zone of articular cartilage and the alignment of chondrocytes and collagen
fibers (MBBS).
The superficial or tangential zone is zone 1 and functions to protect the deeper three
zones from shear stresses [12]. The superficial zone makes up 10% to 20% of the thickness of
articular cartilage and is composed of chondrocytes and collagen fibers. There is a high number
of flattened chondrocytes as well as type II and type IX collagen that is tightly packed and
aligned parallel to the surface [12]. The integrity of the superficial zone is imperative in
protecting and maintaining the deeper layers and is responsible for the tensile properties of the
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articular cartilage [12]. The superficial zone enables resistance to shear, tensile, and compressive
forces from articulation due to it being in direct contact with the synovial fluid of the joint [12].
The transitional zone, zone 2, provides an anatomic and functional bridge between the
superficial and deep zones, zone 3 and zone 4 [12]. The transitional zone makes up 40% to 60%
of the total volume of articular cartilage [12]. The transitional zone is composed of proteoglycans
and thicker collagen fibrils [12]. The collagen in the transitional zone is obliquely organized and
has a low density of spherical chondrocytes [12]. The function of the transitional zone is to be the
first line of resistance to compressive forces [12].
The deep or radial zone, zone 3, makes up 30% of the volume of articular cartilage [12].
The deep zone has the largest diameter collagen fibrils, the highest proteoglycan content, and the
lowest water concentration of the four zones [12]. The chondrocytes are arranged in a columnar
orientation that is perpendicular to the joint line and parallel to the collagen fibers [12]. The
collagen fibrils are perpendicular to the articular surface and arranged in a radial disposition,
which allows the deep zone to provide the greatest resistance to compressive forces [12].
The final zone, the calcified cartilage, is located below the tidemark, which separates the
deep zone from the calcified cartilage [12,50]. The calcified cartilage separates the subchondral
bone from the articular cartilage [12,50] Collagen fibers penetrate this zone and anchor the
cartilage and bone together [12,50].
Articular cartilage is composed of a dense extracellular matrix that is made up of water,
collagen, and proteoglycans that give articular cartilage its mechanical properties [1]. The
extracellular matrix represents 65% to 80% of total tissue fluid weight and the collagens and
proteoglycans make up the remaining dry weight of the articular cartilage [12,50].
The collagens are the most abundant structural macromolecule in the extracellular matrix
and makes up 60% of the dry weight of articular cartilage [12]. It is the most abundant structural
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macromolecule located in the extracellular matrix [12]. There are seven types of collagen within
the extracellular matrix, but Type II collagen makes up 90% to 95% of the collagen within the
extracellular matrix [12]. Type II collagen forms fibrils and fibers that intertwine with the
proteoglycan aggregates [12].

Figure 2.2: Type II collagen intertwined with proteoglycan aggregates
(www.accessmedicine.com).
Proteoglycans are negatively charged heavily glycosolated protein monomers that make
up 10% to 15% of the wet weight of articular cartilage [12]. They are the second largest group of
macromolecules in the extracellular matrix [12]. Proteoglycans contain a protein care that
consists of one or more linear glycosaminoglycan, GAG, chains that are covalently attached [12].
Within articular cartilage, there are various types of proteoglycans that are essential for normal
function of the articular cartilage [12]. The largest and most abundant proteoglycan is aggrecan,
which interacts with hyaluronan to form large proteoglycan aggregates [12]. Aggrecan is critical
to articular cartilage’s ability to resist compressive loads since it provides articular cartilage with
osmotic properties by occupying the interfibrillar space of the extracellular matrix [12].
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Figure 2.3: The structure of proteoglycans (https://themedicalbiochemistrypage.org).
Articular cartilage facilitates the transmission of loads to the underlying subchondral
bone and can withstand high, cyclic loads with little to no evidence of damage [12]. It is a
biphasic medium with a fluid phase and a solid phase. The fluid phase makes up 80% of the wet
weight of articular cartilage and is composed primarily of water and inorganic ions [12]. The
solid phase is composed of the extracellular matrix and proteoglycan aggregates [12]. The fluid
and solid phase work together to give articular cartilage its unique biomechanical properties.
When a constant load or deformation is applied, articular cartilage will exhibit a timedependent behavior due to its viscoelastic properties [12,61]. This behavior is due to flow
dependent and flow independent mechanisms: flow dependent depends on the interstitial fluid
and frictional drag and flow independent is caused by macromolecular motion from the collagenproteoglycan matrix [12,17,62]. These mechanisms reduce the stress acting on the solid matrix of
the articular cartilage [12].
Whenever a constant compressive stress is applied, articular cartilage will also exhibit a
creep and stress-relaxation phase [12]. The deformation of the tissue will increase with time and
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will deform or creep until equilibrium has been reached [12,41]. When articular cartilage is held
at constant strain, the stress rises to a peak and then is followed by a slow stress-relaxation until
equilibrium has been reached [12]. Since articular cartilage will stiffen as strain increases, the
modulus of the tissue cannot be described by one Young’s modulus [12]. Instead, a known strain
is applied, followed by a peak in measured force and then a slow stress-relaxation process in
which the force or stress value is recorded once equilibrium has been reached [12]. This process
is performed across a range of known strain values and then the equilibrium modulus can be
calculated [12,1,27,45].

Figure 2.4: The biomechanics of healthy articular cartilage under compressive load [12].
The shear-resistant properties of articular cartilage are due to the complex composition
and organization throughout the middle zones and the shear stress response is due to the
stretching of the randomly distributed collagen fibrils [12]. The molecular arrangement of
collagen fibrils also gives the articular cartilage its tensile force-resisting properties [12,17,49].
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Figure 2.5: The stress-strain curve depicting the orientation of collagen fibrils in response to
tensile loading [12].
Since articular cartilage does not have a blood supply, lymphatic drainage, or neural
elements connected to the homeostatic system, articular cartilage is ineffective at responding to
injury [43]. When articular cartilage is damaged, there is only a slight reaction to the adjacent
chondrocytes and cell replication and matrix turnover are briefly induced [43]. However, if the
subchondral bone is also damaged, the usual inflammatory response will be observed at the
damaged joint surface [43]. After the damaged area is filled with new tissue, there will rarely be
full restoration of the subchondral bone and articular cartilage [43]. Thus, the biomechanics of the
tissue may become altered.

2.3 Radiation
Radiation is energy coming from a source that travels through space with the ability to
penetrate various materials [7]. There are two types of radiation: nonionizing and ionizing [7].
Nonionizing radiation is considered safer than ionizing radiation because it has enough energy to
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move and vibrate atoms, but not enough to remove electrons [7]. Whereas ionizing radiation has
enough energy to remove tightly bound electrons to create potentially dangerous ions [7].

Figure 2.6: The electromagnetic spectrum. Non-ionizing radiation consists of radio, microwave,
infrared, and visible light. Ionizing radiation consists of ultraviolet, x-ray, and gamma rays
(https://i1.wp.com/www.miniphysics.com).
Ionizing radiation at higher frequencies has enough energy to break chemical bonds due
to having shorter wavelengths [56]. X-rays and Gamma rays have such high energy that they have
the ability to strip off electrons and can break up the nucleus of atoms [56]. Due to the extremely
high energy of X-rays and Gamma rays, they are able to pass through most body tissues, which
makes them useful in medicine for diagnosis and treatment.

2.3.1 Diagnostic Techniques Using X-rays
X-rays are the most common method used in diagnostic medicine. There are three uses of
X-rays in medical diagnosis: radiography, computed tomography, and fluoroscopy. Radiography
images produced can be ‘plain’ or ‘contrast studies’ [57]. ‘Plain’ radiographs show bony
structures and ‘contrast studies’ show soft tissues by either injecting a contrast agent into the
patient’s vein or having the patient ingest the contrast agent [57]. To produce the radiograph, an
X-ray cassette is placed under the area that needs to be imaged and the area is exposed to a dose,
or amount, of X-ray energy [57].
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Computed topography, CT, uses X-rays to produce computerized images that show
transverse sectional views [57]. Using CT allows physicians to image the entire patient, while
radiographs allow physicians to image specific areas of a patient [57].
Fluoroscopy uses a continuous X-ray beam that passes through the patient [910. The Xray beam is transmitted to a monitor to visualize the area in detail [10]. Fluoroscopy allows
physicians to examine multiple body systems as well as allows physicians to evaluate bones,
muscles, joints, and solid organs [10].

A

B

C

Figure 2.7: A) X-ray schematic (www.reserachgate.net), B) CT schematic (www.fda.gov). C)
Fluoroscopy schematic (imagewisely.org).

2.3.2 Radiation Therapy
Due to Gamma radiation’s ability to penetrate tissue, it is used as a primary cancer
treatment called radiotherapy. Radiotherapy uses the high energy produced by Gamma radiation
to damage the DNA in cancer cells to kill the cancer cells [44]. The radiation is delivered either
by external-beam radiation therapy or internal radiation therapy, brachytherapy. External-beam
therapy uses a machine outside the body to deliver the appropriate dose, whereas internal
radiation therapy uses a radioactive material placed inside the patient near cancer cells to deliver
the appropriate dose [44].
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Figure 2.8: External-beam therapy schematic [44]
For external-beam therapy, patients are prescribed fractionated doses to be administered
multiple times until the desired accumulated dose is achieved. Fractionated doses are used in
order to minimize dosing to the healthy tissue surrounding the area exposed to the radiation; it is
also used to increase the chance that the cancer cells exposed to radiation will be at points in the
cell cycle that are most vulnerable to DNA damage and thus, increase the likelihood of killing the
cancers cells [44].

2.4 Measures of Radiation Effects on Articular Cartilage
Articular cartilage has previously been considered radioinsensitive and therefore considered
safe when exposed to radiation in medical settings [2, 30, 56, 47]. However, since articular
cartilage does not have a direct supply to blood vessels, lymphatic drainage, or a neural
connection linked to the homeostatic system, the injury response of the tissue is ineffective [11].
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Table 2.1: The effects of the four types of low-dose radiation used in clinical settings on
articular cartilage characterized at positive, negative, or no effects [3].
Type of Ionizing
Effects of Low-Dose Radiation on Articular Cartilage
Radiation
Positive
Negative
None
Beta
✓ [31,37]
Gamma
✓ [22,19,24,39]
✓ [21,60,29,31,59,14]
X-ray
✓ [52]
✓ [33,24,36,35,15]
✓ [19]
Currently, a number of studies have shown that radiation does not have an adverse effect on
articular cartilage, but these studies have mainly studied the apoptotic effect of ionizing radiation
[22,54]. The apoptotic effect of radiation is the main focus of numerous studies since a major goal
of radiotherapy is to enhance the efficacy of ionizing radiation in tumors [22]. Hong et al. showed
that 2cGy did not induce cell death and concluded that low-dose radiation does not have
“pathological effects on primary cultured articular chondrocytes” as well as that low-dose
radiation may be a beneficial therapeutic option for cartilage diseases [9]. Toda et al. found that
apoptosis was induced after ionizing radiation exposure in degenerated cartilage, but not in
nondegenerated cartilage [55]. Marguiles et al. also found that apoptosis was not induced in
articular cartilage even when it was exposed to 10Gy of Gamma radiation. These findings were
confirmed by Moussavie-Harami et al., Kim et al., Takahashi et al., and Ogawa et al. who found
that apoptosis was not induced in articular cartilage that was exposed to Gamma irradiation doses
of 5Gy, 10Gy, and an X-ray irradiation dose up to 30Gy respectively [39,28,53,42].
However, despite these studies, there are studies that show that low-dose radiation does affect
articular cartilage [33, 38, 4, 5, 6, 23]. In another study performed by Hong et al., researchers
found that when articular cartilage was exposed to Gamma radiation at a dose rate of 3.81
Gy/min, cellular senescence was induced. Willey et al. and Lindburg et al. both found that when
articular cartilage is exposed to a dose of 2Gy Gamma radiation, active degradation of the
cartilage occurs. Willey et al. found that irradiation lowered the synthesis of proteoglycans and
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induced active degradation of the matrix, as well as arthropathy. Lindburg et al. found similar
results in that low-dose radiation caused changes in the mechanical properties of articular
cartilage, which may be due to the acute release of glycosaminoglycans [36]. Hutchinson et al.
also found that when articular cartilage was exposed to 3 and 7Gy, degenerative changes to the
tissue were observed [24].
Table 2.2: Common effects of radiation on articular cartilage [3].
Type of Ionizing Radiation
Effects
Beta

Cell viability [33]

Gamma

Cell death [16], cell cycle arrest [8], anti-inflammatory
[48,58], matrix degradation [2,24,38]

X-ray

Anti-inflammatory [18], chondrocyte proliferation [15],
anti-inflammatory [18]

The three types of ionizing radiation used in clinical settings have been found to have a wide
range of effects on articular cartilage, ranging from no effects to positive effects to negative
effects. However, the majority of these studies are not focusing on articular cartilage as their
primary goal, but rather, are observing the effects of total body irradiation. Since the majority of
these studies do not consistently report the type of irradiation use, the rate of exposure, or use
consistent models, there are inconsistencies in these studies, which makes comparing and
translating the results difficult. Previous literature reviews have found less than sixty studies
discussing the effects of radiation on articular cartilage and its components both in vitro and in
vivo and a current search found less than 75 journal publications with similar search criteria [47].
While most studies report the total dose administered, there is generally no other detailed
information on the radiation used in these studies (e.g., type, power, dose rate). However, despite
the inconsistencies in the literature, authors have drawn the same overall conclusion that this
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research needs to be continued and broadened in order to make a consistent conclusion on the
radioinsensitivity of articular cartilage [59]. Thus, there is currently a large gap in literature that
needs to be bridged in order to better understand the effects of radiation on articular cartilage.

2.4.1 Commonly Reported Radiation Doses
The type of radiation and dose vary widely depending on the exposure route. It should be
noted that radiation exposure is often reported in Sv, as opposed to Gy. Grays represent the
absorbed dose, while Sieverts represent the equivalent biological dose. For photon radiation (Xray and Gamma) and beta particles, Sieverts and Grays are equivalent since the radiation
weighting factor for these is 1. In contrast, heavy nuclei and alpha particles have a weighting
factor of 20 meaning that the equivalent dose in Sv is 20 times the absorbed dose in Gy. This
weighting factor takes into account the varying biological effects of different radiation types.
Exposure

Table 2.3. Radiation exposures and doses found in the literature [3].
Typical Total Dose Type of Radiation

Hand, foot, dental x-ray imaging

0.001-0.01 mSv

X-ray [20,25,26,32]

Mammography

0.4 mSv

X-ray [20,25 26,32]

Computed Tomography (CT)

2-30 mSv

X-ray [20,25,26,32]

6-month stay on ISS station

80mSv

Solar particles, Cosmic rays [20,25,26,32]

6-month trip to Mars

250mSv

Cosmic rays [20,25,26,32]

Highest dose received by

670mSv

Alpha, Beta, and Gamma [26]

Fractionated radiotherapy dose

1-2Sv

X-ray or Gamma [26]

Total radiotherapy dose

60 Gy

X-ray or Gamma [26]

Radiosurgery

60-80 Gy

X-ray or Gamma [26]

Radiation for sterilization

25 kGy

Gamma [16]

Fukushima emergency worker
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CHAPTER THREE
EFFECTS OF GAMMA RADIATION ON MECHANICAL AND FUCNTIONAL
PROPERTIES OF ARTICULAR CARTILAGE
3.1 Introduction
Gamma rays are a type of photon-based ionizing radiation with energy typically higher than
X-rays [2]. Gamma rays, which arise from radioactive decay of nuclei, have been shown to
damage and harm tissues and cells. Due to their ability to kill living cells, Gamma rays are
commonly used in radiotherapy to kill cancerous cells. However, to preserve as many healthy
cells as possible, radiotherapy is given in daily fractions [13]. This increases the chances that
cancer cells are exposed to radiation when the cells are most vulnerable to DNA damage [13].
Fractionated radiotherapy has been accepted as an essential element of an effective treatment plan
for cancer despite the lack of consensus on its effects on articular cartilage [13]. Currently, 2Gy is
considered a safe and effective fractionated dose. However, some studies have shown that even at
what is considered a low dose, there may be mechanical and functional changes occurring to the
healthy articular cartilage [5,8,22].
The mechanical structure of articular cartilage is essential in maintaining the structural
integrity of the tissue [4]. The articular cartilage extra cellular matrix (ECM) is composed of a
collagen fibril meshwork and proteoglycans that give articular cartilage its biomechanical
properties. When the collage meshwork is disrupted, the stiffness of the articular cartilage
decreases due to the expansion of the proteoglycans, which increases the articular cartilage’s
permeability to water [9]. With a decrease in stiffness, the articular cartilage has a lower capacity
for withstanding loads [4]. Therefore, it is essential to determine the mechanical changes that are
occurring after exposure to fractionated radiotherapy doses. This study aims to determine the
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mechanical and functional changes occurring to articular cartilage at fractionated radiotherapy
doses of Gamma irradiation.

3.2 Materials and Methods
3.2.1 Articular Cartilage Harvest and Radiation Exposure
Porcine knee joints were acquired from Snow Creek Meat Processing and transported on ice
to the lab. Excess fat, tissue, and ligaments were removed from each knee joint to expose the
femoral condyles. Plugs of the articular cartilage were punched using a 5mm biopsy punch along
the femoral condyles in the same pattern as seen in Figure 3.1.
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Figure 3.1: Schematic of biopsy punches on a femoral condyle. The Discs labeled C are the
control plugs, the discs labeled 2 are the plugs exposed to 2Gy, the discs labeled 2.5 are the plugs
exposed to 2.5Gy, and the discs labeled 3 are the plugs exposed to 3Gy.
Once the plugs were punched, each plug was extracted using a scalpel and placed in
designated 96 well-plates. There were four labeled plates for each test: the control plate, 2Gy
plate, 2.5Gy plate, and 3Gy plate. After each plug was placed in its designated well, the plugs
were washed with 150μL of an anti-microbial wash, that was composed of 500mL of PBS,
0.7306g of EDTA, 0.312813g of N-ethylmaleimide, 2.5mL of Benzamidine HCl, 0.06mL of
benzenesulfonyl fluoride, and 1mL of inhibitor cocktail Protease. The wash was then removed
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and replaced with 150μL of cartilage media. The plates were then placed in an incubator at
standard conditions for 48 hours.
After 48 hours of culture, the samples were irradiated at total doses of 2Gy, 2.5Gy, and 3Gy
at a dose rate of 3.03Gy/minute using a custom Cs137 Gamma Irradiator. All plates, including the
control plates, were transported to the exposure center using a custom, portable incubator that
maintained standard temperature conditions. The plates were returned and placed in an incubator
at standard conditions for 24 hours. The day of the exposure was designated as day 0.

3.2.3 Microscopic Mechanical Testing
To determine the microscopic mechanical effects of ionizing radiation on articular cartilage,
designated plugs were collected on days 1 and 7. Each plug was placed on a glass slide, hydrated
with PBS, and then securely mounted onto the atomic force microscope (AFM). The standard
indentation testing in a fluid was performed on an Asylum Research MFP-3D. A 5μm diameter
borosilicate spherical tip on a silicon nitride cantilever (0.12N/m nominal spring constant) was
used to indent the tissue to a 1μm depth at a speed of 1μm/s. Three locations on each plug were
measured three times for a total of n = 9.

3.2.4 Macroscopic Mechanical Testing
Five plugs (5mm in diameter and 2mm in height) were harvested from the femoral condyles
of five porcine knees, for a total of 10 discs per irradiation condition: 5 discs for day 1 and 5 discs
for day 7. To perform the macroscopic mechanical testing, the Dynamic Mechanical Analysis
(DMA) program on a BOSE™ Electroforce testing system was used to determine the Complex
Modulus of each plug. On the day of testing, the height of each plug was measured and recorded
before testing. Before loading each plug onto the platen within the unconfined compression
chamber, the initial position between the platens was set to 3.000mm. After loading the plug onto
the platen, the load was zeroed out and the platen with the plug was raised so that it was just
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barely not touching the top platen and the tare load was set to -2.50N. Cyclical compression
loads were then applied to the loaded plug with a sinusoidal oscillation. The testing setup was
strain based at four physiologically relevant frequencies: 40Hz, 10Hz, 1Hz, and 0.1Hz [15]. The
setup of the testing values is shown below in Table 3.1.
Table 3.1: The testing values for a single test. The hold value [mm] is dependent on each
sample and changed with each new sample being tested.
Condition Frequency Mean Dwell Dynamic
PreTemperature Dwell Hold Hold
[Hz]
Level
at
Amplitude Cycles
[°C]
at
value Value
%
Mean % Strain
[sec]
Temp [mm] Dwell
Strain [sec]
[min]
[sec]
1

40

-4.950

0

9

0

0

0

2.509

1200

2

10

-5.500

0

10

0

0

0

2.509

1200

3

1

-7.150

0

13

0

0

0

2.509

1200

4

0.1

-8.800

0

15

0

0

0

2.509

1200

The setup of the testing system included a 100lb-force load cell that the unconfined
compression chamber was attached to. The setup included 4L of PBS in the chamber in order to
mimic the physiological environment that articular cartilage is normally in. The cartilage plug
was placed on a metal platen within the chamber. The setup of the testing system is shown in
Figure 3.2.
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Figure 3.2: The testing setup for the unconfined compression test.
3.2.2 Quantification of sGAG Content
Both media and designated plugs were collected on day 0 and days 1, 3, 5, and 7. The plugs
were digested using a standard papain digestion [10]. Briefly, the plugs were placed in a papain
buffer solution consisting of 500μL of papain, 0.1M sodium acetate, 5mmM EDTA, and 5mM Lcysteine-HCl and were then heated for at least 12 hours at 60°C. The amount of sGAG content in
the media and digested plugs were then tested using the dimethymethylene blue (DMMB) assay
[3]. In a 96-well plate, 180μL of dimethylmethylene blue was added to 20μL of either the media
or digested plugs. Each sample of media and digested plugs was plated in triplicate. The standard
curve was created with increasing concentrations of chondroitin sulfate and the absorbance of the
96-well plates and standard curve were read immediately at 530nm using a Synergy 3 microplate
reader (BioTek, Winooski, VT). The amount of sGAG for each sample was determined by
inputting the absorbance of each sample into the linear regression equation from the standard
curve. The sGAG concentrations for each sample were normalized to the average wet weight of
the tissue.
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3.2.5

Histological Analysis

Select plugs on days 1 and 7 were reserved for histological analysis. The plugs were
placed in 10% neutral buffered formalin for 24 hours. The plugs were then placed in the TissueTek® VIP tissue processor and then embedded in paraffin wax. After embedding, the plugs were
cut into 6μm cross-sections using a microtome. The explants were then stained with one of three
stains: Hematoxylin and Eosin (H&E), Masson’s Trichrome, and Safranin O to assess cell
viability, GAG content, and collagen content, respectively.

3.2.6

Statistical Analysis

The results are shown as the mean + the standard deviation. The significance level for
each experiment was p < 0.05, p < 0.01, and p < 0.001. For the microscopic and macroscopic
mechanical data, a Student’s t-test was used to compare the Young’s Modulus between the
control and the irradiated groups (n=9 for microscopic testing and n=5 for macroscopic testing).
For the Complex Modulus, a two-way analysis of variance with general linear models (GLM)
was used due to the inequality of sample sizes between groups. GLM with post hoc tukey
grouping was used to determine significance in sGAG content between the control and irradiated
samples for the DMMB assay for the media (n=25, 5 different knees and 5 locations) and the
tissue (n=25, 5 different knees and 5 locations).

3.3 Results
3.3.1 Microscopic Mechanical Testing
On day 1 and day 7, the average Young’s Modulus was statistically different between
each condition when compared to each other condition, p<0.05, n=9. On days 1 and 7 after
exposure, the average Young’s Modulus was statistically lower between day 1 and day 7 for all
exposure doses, irradiated and control, p<0.05, n=9. The average Young’s Modulus decreased
from day 1 to day 7 an average of 47.6% in the irradiated tissue and 82.1% in the control tissue.
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Figure 3.3: A) The average Young’s Modulus day 1 after exposure. Every condition was
statistically different from every other condition, p<0.05, n=9. B) The average Young’s Modulus
day 7 after exposure. Every condition was statistically different from every other condition,
p<0.05, n=9. C) Comparing the average Young’s Modulus between day 1 and day 7 for each
condition. All four conditions were statistically different between day 1 and day 7, p<0.05, n=9.
D) The percent decrease between day 1 and day 7 of the average Young’s Modulus for each
condition.

3.3.2 Macroscopic Mechanical Testing
The average Complex Modulus for the irradiated plugs was higher than the average
Complex Modulus for the control plugs on day 1, but was lower on day 7. The average Complex
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Modulus was statistically different between day 1 and day 7 for each condition, p<0.05, n=5. The
average Complex Modulus was statistically lower between day 1 and day 7 for each condition,
p<0.05, n=5. The irradiated plugs had a percent decrease in the average Complex Modulus from
day 1 to day 7 of 77.3%, 99.8%, 90.3%, and 92.8% for each frequency range: 40Hz, 10Hz, 1Hz,
and 0.1Hz respectively. The control plugs had a percent decrease in the average Complex
Modulus from day 1 to day 7 of 57.6%, 67.4%, 86.2%, and 93.3% for each frequency range:
40Hz, 10Hz, 1Hz, and 0.1Hz respectively.

32

B

A Average Complex Modulus Day 1 After
Exposure

Average Complex Modulua [MPa]

12

Average Complex Modulus [MPa]

10
8
6
4
2
0

0

10

20
Frequency [Hz]

Control

C

30

40

4
2
0
-2

0

10

6

*

*

*

*

2Gy

2.5Gy

3Gy

2

Dose [Gy]
Day 1

20

30

40

Frequency [Hz]
Irradiated

to Day 7

Average Percent Decrease [%]

Average Complex Modulus [MPa]

6

D Average Percent Decrease From Day 1

8

Control

8

Control

10

-2

10

-4

12

0

12

Irradiated

Average Complex Modulus

4

Average Complex Modulus Day 7 After
Exposure
14

Day 7

100
90
80
70
60
50
40
30
20
10
0

100
77
58

40

86 90

93 93

67

10
1
Frequency [Hz]
Control

0.1

Irradiated

Figure 3.4: A) The average Complex Modulus for the irradiated and control plugs on day 1. The
irradiated plugs had a slightly higher average Complex Modulus than the control plugs. B) The
average Complex Modulus for the irradiated and control plugs on day 7. The irradiated tissues
had a lower average Complex Modulus than the control plugs. C) The average Complex Modulus
for each condition was statistically lower on day 7 than on day 1, p<0.05, n=5. D) The percent
decrease between day 1 and day 7 of the average Complex Modulus for each condition.
Most irradiated conditions had a higher average Complex Modulus on day 1 than the
control plugs, but on day 7, each irradiated condition had a lower average Complex Modulus than
the control plugs. The average Complex Modulus was statistically different between day 1 and
day 7 for each condition, at at least one frequency p<0.05, n=5. The average Complex Modulus
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was statistically lower on day 7 than on day 1 for plugs exposed to 2.5Gy at 40Hz, p<0.05, n=5;
for plugs exposed to 2.5Gy (p<0.05), 3Gy (p<0.01), and control plugs (p<0.05) at 10Hz, n=5; and
for plugs exposed to 2.5Gy, 3Gy, and control plugs at 1Hz, p<0.01, n=5; and for plugs exposed to
2Gy (p<0.05), 2.5Gy (p<0.001), 3Gy (p<0.001), and control plugs (p<0.001) at 0.1Hz, n=5. The
irradiated plugs had a larger than 50% percent decrease in the average Complex Modulus from
day 1 to day 7 for each frequency range, except for the plugs exposed to 2Gy at 1Hz; the control
plugs had a percent decrease in the average Complex Modulus from day 1 to day 7 of 58%, 59%,
83%, and 92% for each frequency range: 40Hz, 10Hz, 1Hz, and 0.1Hz respectively.
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Figure 3.5: A) The average Complex Modulus for each irradiated condition and control plugs on
day 1. B) The average Complex Modulus for each irradiated condition and control plugs on day
7. Each irradiated condition had a lower average Complex Modulus than the control plugs. C)
The average Complex Modulus for the plugs exposed to 2.5Gy were statistically lower on day 7
than day 1 at 40Hz, p<0.05, n=5; the average Complex Modulus for the plugs exposed to 2.5Gy
(p<0.05), 3Gy (p<0.01), and the control (p<0.05) was statistically lower on day 7 than on day 1
at 10Hz, n=5; ; the average Complex Modulus for the plugs exposed to 2.5Gy, 3Gy, and the
control was statistically lower on day 7 than on day 1 at 10Hz, p<0.01, n=5; and the average
Complex Modulus for the plugs exposed to 2Gy (p<0.05), 2.5Gy (p<0.001), 3Gy (p<0.001), and
the control plugs (p<0.001) were statistically lower on day 7 than on day 1 a 0.1Hz, n=5. D) The
percent decrease between day 1 and day 7 of the average Complex Modulus for each condition.
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3.3.3 sGAG Content Analysis
There was a decrease in the amount of sGAG content measured in the irradiated and
control plugs media on days 1, 5, and 7 after exposure and an increase in sGAG released to the
media measured on day 3 for all conditions. There was a statistical difference between the amount
of sGAG released into the media between the control plugs, plugs exposed to 2Gy, and plugs
exposed to 3Gy on days 0, 1, and 3, p<0.05, n=25. There was also a statistical difference between
days 0 and 1 for all conditions as well as for the plugs exposed to 3Gy on days 3, 5, and 7,
p<0.05, n=25. There was a statistical difference between days 3, 5, and 7 for the control plugs, the
plugs exposed to 2Gy, and for the plugs exposed to 2.5Gy, p<0.05, n=25.
There was an average percent decrease of 59.9% of sGAG content released into the media from
days 1 and 7 in the irradiated conditions and a percent decrease of 34.7% of sGAG content
released into the media from days 1 and 7.
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Figure 3.6: A) The normalized amount of sGAG content released into the culture media on days
1, 3, 5, and 7. There was a statistical difference for the control plugs between days 0, 1, and 3,
p<0.05, n=25; for the control plugs between days 1, 3, 5, and 7, p<0.05, n=25; for the plugs
exposed to 2Gy between days 0, 1, and 3, p<0.05, n=25; for the plugs exposed to 2Gy between
days 1, 3, 5, and 7, p<0.05, n=25; for the plugs exposed to 2.5Gy between days 0, 1, and 3,
p<0.05, n=25; for the plugs exposed to 2.5Gy between days 1 and 7, p<0.05, n=25; for the plugs
exposed to 2.5Gy between days 5 and 7, p<0.05, n=25; for the plugs exposed to 3Gy between
days 0, 1, and 3, p<0.05, n=25; for the plugs exposed to 3Gy between days 1, 5, and 7, p<0.05,
n=25. B) There was a statistical difference in the amount of sGAG content released into the
media between days 0, and 1 for all conditions, day 3 for plugs exposed to 3Gy, day 5 for plugs
exposed to 3Gy, and day 7 for plugs exposed to 3Gy, p<0.05, n=25; between days 3, 5, and 7 for
the control plugs, plugs exposed to 2Gy, and plugs exposed to 2.5Gy, p<0.05, n=25. C) The
percent decrease in amount of sGAG content released into the media from day 1 to day 7.
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There was also a decrease in the amount of sGAG content measured in the digested plugs
that were exposed to the irradiated conditions and to the control plugs on days 1, 3, 5, and 7 days
after exposure. There was a statistical difference in the sGAG content measured in the digested
plugs between days 0, 1, and 3 of the control plugs, days 1, and 3 of the plugs exposed to 2Gy,
and days 0, 1, and 3 of the plugs exposed to 2.5Gy, p<0.05, n=25. There was a statistical
difference on days 0, 5, and 7 of the control plugs, plugs exposed to 2Gy, and plugs exposed to
2.5Gy, p<0.05; n=25. There was statistical difference between the control plugs and plugs
exposed to 2Gy, 2.5Gy, and 3Gy on day 0, plugs exposed to 2Gy, 2.5Gy, and 3Gy on day 1,
plugs exposed to 2.5Gy and 3Gy on day 5, and plugs exposed to 2Gy and 3Gy on day 7, p<0.05,
n=25. There was a statistical difference between the control plugs on day 1, plugs exposed to 2Gy
on day 5, and the control plugs and plugs exposed to 2Gy on day 7, p<0.05, n=25. Finally, there
was a statistical difference between the control plugs on day 5 and day 7, p<0.05; n=25. There
was an average percent decrease of 20.9% of sGAG content measured in the digested irradiated
plugs from days 1 and 7 and only 8.2% decrease of sGAG content measured in the digested
control plugs from days 1 and 7.
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Figure 3.7: A) The normalized amount of sGAG content remaining in the digested plugs on days
1, 3, 5, and 7. There was a statistical difference between days 0, 1, and 3 of the control, days 1
and 3 of the plugs exposed to 2Gy, and days 0, 1, and 3 of the plugs exposed to 2.5Gy, p<0.05,
n=25; on days 0, 5, and 7 of the control plugs, days 0, 5, and 7 of the plugs exposed to 2Gy, and
days 0, 1, and 3 of the plugs exposed to 2.5Gy, p<0.05, n=25. B) There was a statistical
difference in the amount of sGAG content remaining in the digested plugs between all conditions
on day 0, the plugs exposed to 2Gy, 2.5Gy, and 3Gy on day 1, plugs exposed to 2.5Gy and 3Gy on
day 5, and plugs exposed to 2Gy and 3Gy on day 7, p<0.05, n=25; between plugs exposed to 2Gy
on day 5 and day 7, p<0.05, n=25; between the control plugs on days 5 and 7 and the plugs
exposed to 2.5Gy on day 7, p<0.05, n=25. C) The overall normalized average amount of sGAG
content measured in the digested irradiated plugs and the control plugs.

3.3.4 Histological Analysis
Qualitatively, there were no significant differences seen between the control and
irradiated samples on day 1 and day 7 in each of the three histological stains. In the Hematoxylin
and Eosin stained samples, there was no apoptosis or necrosis detected on day 1 nor on day 7 for
any condition. The chondrocyte density and morphology were similar between each irradiated
condition and the control. The Masson’s Trichrome showed a similar collagen staining between
day 1 and day 7 of each condition as well as between each irradiated condition and the control.
The Safranin O-Fast Green stained samples showed that the chondrocytes were organized,
indicating no signs of osteoarthritis according to the Osteoarthritis Research Society International
(OARSI) scoring system [17].
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Figure 3.8: Hematoxylin & Eosin staining for tissues on day 1 for A) control, B) 2Gy, C) 2.5Gy,
D) 3Gy and on day 7 for E) control, F) 2Gy, G) 2.5Gy, H) 3Gy.
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Figure 3.9: Masson’s Trichrome staining for tissues on day 1 for A) control, B) 2Gy, C) 2.5Gy,
D) 3Gy and on day 7 for E) control, F) 2Gy, G) 2.5Gy, H) 3Gy.
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Figure 3.10: Safranin O staining for tissues on day 1 for A) control, B) 2Gy, C) 2.5Gy, D) 3Gy
and on day 7 for E) control, F) 2Gy, G) 2.5Gy, H) 3Gy.

3.4 Discussion
The mechanical and functional effects of ionizing radiation have been inconsistently
studied and the results from these studies have yielded inconclusive conclusions. Some studies
suggest that ionizing radiation may have positive effects, such as ionizing radiation does not lead
to apoptosis or cell death [5,11,21]. Other studies state that ionizing radiation have negative and
potentially detrimental effects to articular cartilage, like active degradation of articular cartilage
and induction of cellular senescence [4,7,8]. However, despite the conflicting findings in the
literature, the majority of studies conclude that more research needs to be conducted to determine
if articular cartilage is radioinsensitive and if so, how much.
This study showed that low doses of ionizing radiation cause significant decreases in the
microscopic and macroscopic compressive stiffness of articular cartilage; these findings were
consistent with findings in literature [8]. The Young’s Modulus of the irradiated tissue decreased
an average of 53.3% between day 1 and day 7, which shows that the ionizing radiation may be
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causing changes to the mechanical structure of the articular cartilage. The average Complex
Modulus of the irradiated plugs decreased an average of 77.3%, 99.8%, 90.3%, and 92.8% at
40Hz, 10Hz, 1Hz, and 0.1Hz respectively, which was a greater decrease than the average
Complex Modulus of the control plugs between day 7 and day 1; 57.6%, 67.4%, 86.2%, and
93.3% at 40Hz, 10Hz, 1Hz, and 0.1Hz respectively.
The DMMB assay results of the sGAG content suggest an acute release of sGAGs 24
hours after exposure to ionizing radiation that persisted for 5 days. The control plugs and the
irradiated plugs released significantly higher sGAG levels on day 1 to the culture media than on
days 5 and 7 as well as significantly lower sGAG levels on day 1 in the digested plugs than on
days 3, 5, and 7. The higher release of sGAGs into the media and lower sGAG content levels in
the digested plugs on day 1 was expected due to the articular cartilage chondrocytes responding
to the stress of dissection from the knee joint [19]. The sGAG content in the media decreased
significantly from day 3 to day 5 and remained consistent through day 7 for both the control and
irradiated samples. Whereas, the amount of sGAGs in the digested plugs decreased significantly
from day 3 to days 5 and 7. The sGAGs released to the media of the irradiated plugs was slightly
lower than the sGAG content in the media of the control plugs on day 7. More importantly, the
amount of sGAGs in the digested plugs exposed to 2.5Gy was 12% lower than the amount of
sGAGs in the digested control plugs on day 7. Overall, the differences in sGAGs released to the
media between the irradiated and control samples were small while the differences in the total
tissue sGAG content were much larger. This indicates that while there may be small changes to
matrix degradation after irradiation, there may be marked differences in matrix synthesis
following radiation exposure. Thus, the irradiated cartilage may potentially have impaired ability
to synthesize enough proteoglycans to replenish the degraded proteoglycans over the 7-day period
after exposure [8,9].
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Literature has shown that the compressive stiffness of articular cartilage is directly
proportional to the proteoglycan content and that proteoglycans account for approximately 50%
of the modulus of articular cartilage [1,12,15]. The Young’s Modulus of the irradiated plugs
decreased an average of 53.3% and the Complex Modulus of the irradiated plugs decreased an
average greater than 70% for each frequency between day 1 and day 7. Since the decrease in
average modulus was greater than 50%, this may indicate that the loss of proteoglycans was not
the only factor affecting the modulus after exposure to ionizing radiation [8]. Chondrocyte
viability did not appear to be affected by exposure to any of the ionizing radiation doses; the
H&E stained irradiated sections did not show evidence of apoptosis or necrosis, and the Masson’s
Trichrome and Safranin O did not show fibrillation in the irradiated sections [8].
Overall, the average Young’s Modulus and the average Complex Modulus of articular
cartilage both decreased after exposure to low doses of ionizing radiation. Therefore, it is possible
that ionizing radiation does have a negative effect on the mechanical properties of the articular
cartilage, both microscopically and macroscopically. The acute and persistent release of
proteoglycans is a possible contributor in the decrease of modulus since the irradiated plugs had a
significantly lower modulus on days 1 and 7 as well as had a significantly higher sGAG content
24 hours after exposure in the media and a significantly lower sGAG content 24 hours after
exposure in the digested plugs. Thus, further investigation should be performed to determine if
repeated exposures of radiotherapy doses may cause mechanical and functional damage to
articular cartilage.
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CHAPTER FOUR
EFFECTS OF REPEATED DOSES OF GAMMA RADIATION AND IMAGING
DOSES OF X-RAY RADIATION ON MECHANICAL AND FUNCTIONAL
PROPERTIES OF ARTICULAR CARTILAGE
4.1 Introduction
In 1896, Wilhelm Rontgen presented a lecture describing the “X-ray,” and within
months, the X-ray was used for diagnosis and within three years, the X-ray was used for cancer
treatment [1]. At the beginning of the 20th century, researchers determined that radiation could
cause cancer and ran experiments to identify the proper, safer, daily fractions of radiation [1].
Henri Coutard was the first to use these daily fractions and by 1934, his work became the
standard for clinical oncology and called fractionation [12,18]. Fractionated radiotherapy is now
considered a key component of cancer treatment with 50% of all cancer patients receiving some
form of radiotherapy throughout treatment [2,6]. Therefore, it is essential to understand the
effects of fractionated radiotherapy doses on healthy tissues, such as articular cartilage.
In 2017, England reported that plain radiography, X-ray, was the most common type of
diagnostic imaging procedure performed in 2017 with 1.89 million plain radiography procedures
[14]. From 2005 to 2010 in the United States, there was a 5.5% average annual growth rate in the
number of X-ray procedures performed per year [14]. In 2005, there were 140.1 million X-ray
procedures performed and in 2010, there were 182.9 million X-ray procedures performed [17].
These X-ray procedures include radiographs, radiotherapy, fluoroscopy, and computed
tomography (CT). Due to the prevalent use of X-rays in medicine, it is imperative that the effects
of X-rays on articular cartilage are determined.
In radiography, the minimum dose used is 1.5mGy for imaging of the spine, which is
equivalent to 6 months of natural background radiation and the maximum dose used is 8mGy for

48

imaging the lower GI tract, which is equivalent to 3 years of natural background radiation [17]. In
typical fluoroscopic procedures, the median exposure for diagnostic and interventional
procedures is 1,350mGy and 3,760mGy respectively [9]. In the United States more than 70
million CT scans are performed each year, whereas in England, there are more than 5 million CT
scans per year and that number is increasing at an annual rate of 10% [3]. The minimum dose
used in CT is 6mGy in colonography, the equivalent of 2 years of natural background radiation,
and the maximum dose used is 25mGy in PET scans, the equivalent of 8 years of natural
background radiation [17].
The amount of X-ray radiation received will continue to increase as the number of
exposures increases. In fractionated radiotherapy, patients are exposed to fractions of 1.8-2Gy
over a period of time until the total desired dose is administered [8]. This repeated exposure may
cause repeated damage to the exposed tissue. For healthcare workers performing fluoroscopy
procedures, they perform repeated exposures for each fluoroscopy procedure. Therefore,
understanding the cumulative effects of low dose radiation on articular cartilage after repeated
exposures is also essential.

4.2 Materials and Methods
4.2.1 Articular Cartilage Harvest
Porcine knee joints were acquired from Snow Creek Meat Processing and transported on ice
to the lab. Excess fat, tissue, and ligaments were removed from each knee joint to expose the
femoral condyles. Plugs of the articular cartilage were punched using a 5mm biopsy punch along
the femoral condyles in the same pattern as seen in Figure 3.1.
Once the plugs were punched, each plug was extracted using a scalpel and placed in
designated 96 well-plates. There were four labeled plates for each for the repeated exposures and
four labeled plates for each test for the single exposures: the control plate, 1Gy plate, 1.5Gy plate,
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and 2Gy plate for the repeated exposures and the control plate, 1.5mGy plate, 25mGy plate, and
4,000mGy plate for the single exposure. After each plug was placed in its designated well, the
plugs were washed with 150μL of an anti-microbial wash. The wash was then removed and
replaced with 150μL of cartilage media. The plates were then placed in an incubator at standard
conditions for 48 hours.

4.2.2 Repeated Dose Gamma Radiation Exposure
Radiation exposures were performed 48 hours after incubation at doses of 1Gy, 1.5Gy, and
2Gy at a dose rate of 3.03Gy/minute using a custom Cs137 Gamma Irradiator. The plates were
exposed 24 hours later at the same doses and dose rate and then again 24 hours later. This led to
an accumulated dose of 3Gy for the 1Gy plate, 4.5Gy for the 1.5Gy plate, and 6Gy for the 2Gy
plate. All plates, including the control plates, were transported to the exposure center using a
custom, portable incubator that maintained standard temperature conditions. The plates were
returned and placed in an incubator at standard conditions for 24 hours. The day of the exposure
was designated as day 0.

4.2.3 Single Dose X-ray Radiation Exposure
Before transportation to the exposure center, the designated 1.5mGy plates were covered
with a layer of paraffin wax paper so that each plate could be set to stand vertically, as seen in
Figure 4.1.
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Figure 4.1: A) The three 1.5mGy plates were sat upon a piece of wood and then taped to the back
water board. B) A second water board was placed in front of the plates and taped to the back
water board. C) The setup was placed on top of a metal cart and was 22.75cm from the wall. The
water boards represent solid water.

Figure 4.2: The distance between the plates and LINAC was 550cm. The plates were 450cm from
the isocenter.
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Figure 4.3: A) Setup for the 25mGy and 4000mGy plates. There were two plates for each dose.
Radiation exposures were performed 48 hours after incubation at doses of 1.5mGy, 25mGy,
and 4,000mGy at a dose rate of approximately 2.60Gy/minute using a 6MeV LINAC. All plates,
including the control plates, were transported to the exposure center using a custom, portable
incubator that maintained standard temperature conditions. To calculate the Motor Units,
Equation 1 was used with the values for each dose listed in Table 4.2. The plates were returned
and placed in an incubator at standard conditions for 24 hours. The day of the exposure was
designated as day 0.
Equation 4.1: Motor Unit calculation.
D
MU =
(𝑆𝑐 )(𝑆𝑝 )(𝑂𝐴𝑅)(𝐼𝑁𝑉)2
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Variable
Name

Dose

Table 4.1: Variables from Equation 4.1 defined.
MU
D
Sc
Sp
OAR
Motor Unit
Dose
In-Water
Phantom
Off-Axis
Output Ratio Scatter Factor
Ratio

INV
Inverse
Square

Table 4.2: Values for each variable for 1.5mGy, 25mGy, and 4000mGy
Sc
Sp
OAR
INV
MU
Time

1.5mGy

1.048cm

1.028cm

1.02cm

0.637cm2

0.3469MU

0.0347sec

25mGy

1.048cm

1.028cm

1.02cm

0.637cm2

5.782MU

0.576sec

4000mGy

1.048cm

1.028cm

1.02cm

0.637cm2

925MU

92.4sec

4.2.5 Macroscopic Mechanical Testing
Five plugs (5mm in diameter and 2mm in height) were harvested from the femoral condyles
of five porcine knees, for a total of 10 discs per irradiation condition: 5 discs for day 1 and 5 discs
for day 7. To perform the macroscopic mechanical testing, the Dynamic Mechanical Analysis
(DMA) program on a BOSE™ Electroforce testing system was used to determine the Complex
Modulus of each plug. On the day of testing, the height of each plug was measured and recorded
before testing. Before loading each plug onto the platen within the unconfined compression
chamber, the initial position between the platens was set to 3.000mm. After loading the plug onto
the plate, the load was zeroed out and the platen with the plug was raised so that it was just barely
not touching the top platen and the tare load was set to -2.50N. Cyclical compression loads were
then applied to the loaded plug with a sinusoidal oscillation. The testing setup was strain based at
four physiologically relevant frequencies: 40Hz, 10Hz, 1Hz, and 0.1Hz [15]. The setup of the
testing values was the same as shown in Table 3.1.
The setup of the testing system included a 100lb-force load cell that the unconfined
compression chamber was attached to. The setup included 4L of PBS in the chamber in order to
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mimic the physiological environment that articular cartilage is normally in. The cartilage plug
was placed on a metal platen within the chamber. The setup of the testing system was the same as
seen in Figure 3.2.

4.2.4 Quantification of sGAG Content
Both media and designated plugs were collected on day 0 and days 1, 3, 5, and 7. The plugs
were digested using a standard papain digestion [11]. Briefly, the plugs were placed in a papain
buffer solution consisting of 500μL of papain, 0.1M sodium acetate, 5mmM EDTA, and 5mM Lcysteine-HCl and were then heated for at least 12 hours at 60°C. The amount of sGAG content in
the media and digested plugs were then tested using the dimethymethylene blue (DMMB) assay
[2]. In a 96-well plate, 180μL of dimethylmethylene blue was added to 20μL of either the media
or digested plugs. Each sample of media and digested plugs was plated in triplicate. The standard
curve was created with increasing concentrations of chondroitin sulfate and the absorbance of the
96-well plates and standard curve were read immediately at 525nm using a Synergy 3 microplate
reader (BioTek, Winooski, VT). The amount of sGAG for each sample was determined by
inputting the absorbance of each sample into the linear regression equation from the standard
curve. The sGAG concentrations for each sample were normalized to the average wet weight of
the tissue.

4.2.6

Histological Analysis

Select plugs on days 1 and 7 were reserved for histological analysis. The plugs were
placed in 10% neutral buffered formalin for 24 hours. The plugs were then placed in the TissueTek® VIP tissue processor and then embedded in paraffin wax. After embedding, the plugs were
cut into 6μm cross-sections using a microtome. The explants were then stained with one of three
stains: Hematoxylin and Eosin (H&E), Masson’s Trichrome, and Safranin O to assess cell
viability, GAG content, and collagen content respectively.
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4.2.7

Statistical Analysis

The results are shown as the mean + the standard deviation. The significance level for each
experiment was p < 0.05, p < 0.01, and p < 0.001. For the Complex Modulus, a two-way analysis
of variance with general linear models (GLM) was used due to the inequality of sample sizes
between groups. GLM with post hoc tukey grouping was used to determine significance in sGAG
content between the control and irradiated samples for the DMMB assay for the media (n=25, 5
different knees and 5 locations) and the tissue (n=25, 5 different knees and 5 locations).

4.3 Results for Repeated Exposures
4.3.1 Macroscopic Mechanical Testing
The average Complex Modulus for the irradiated plugs was higher than the average
Complex Modulus for the control plugs on day 1, but was lower on day 7. The average Complex
Modulus was statistically lower between day 1 and day 7 for each irradiated condition, p<0.05,
n=5. The irradiated plugs had a percent decrease in the average Complex Modulus from day 1 to
day 7 of 70.5%, 74.0%, 81.6%, and 76.2% for each frequency range: 40Hz, 10Hz, 1Hz, and
0.1Hz respectively. The control plugs had a percent decrease in the average Complex Modulus
from day 1 to day 7 of 6.5%, 11.5%, 2.9%, and 41.2% for each frequency range: 40Hz, 10Hz,
1Hz, and 0.1Hz respectively.
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Figure 4.4: A) The average Complex Modulus for the irradiated and control plugs on day 1. The
irradiated plugs had a higher average Complex Modulus than the control plugs. B) The average
Complex Modulus for the irradiated and control plugs on day 7. The irradiated tissues had a
lower average Complex Modulus than the control plugs. C) The average Complex Modulus for
each condition was lower on day 7 than on day 1 and statistically lower for the plugs exposed to
1.5Gy and 2Gy, p<0.05, n=5. D) The percent decrease between day 1 and day 7 of the average
Complex Modulus for each condition.
The irradiated conditions had a higher average Complex Modulus on day 1 than the
control plugs, but on day 7, each irradiated condition had a lower average Complex Modulus than
the control plugs, except for 1.5Gy at 40Hz. The plugs exposed to 1.5Gy and 2Gy were
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statistically lower on day 7 than day 1 at 40Hz, 10Hz, 1Hz, and 0.1Hz on day 7, p<0.05, n=5.
There plugs exposed to 1.5Gy were statistically different on day 7 between all four frequencies,
p<005, n=5. The irradiated plugs had a larger than 60% percent decrease in the average Complex
Modulus from day 1 to day 7 for each frequency range, while the control plugs had a percent
decrease in the average Complex Modulus from day 1 to day 7 of 7%, 12%, 3%, and 41% for
each frequency range: 40Hz, 10Hz, 1Hz, and 0.1Hz respectively.
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7. Each irradiated condition had a lower average Complex Modulus than the control plugs. C)
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The average Complex Modulus for the plugs exposed to 1.5Gy and 2Gy were statistically lower
on day 7 than day 1 at 40Hz, 10Hz, 1Hz, and 0.1Hz, p<0.05, n=5; there was a statistical
difference between the plugs exposed to 1.5Gy at 40Hz, 10Hz, and .1 Hz on day 7, p<0.05, n=5.
D) The percent decrease between day 1 and day 7 of the average Complex Modulus for each
condition.

4.3.2 sGAG Content Analysis
There was an increase in the amount of sGAG content measured in the irradiated and
control plugs media 4 hours after exposure. There was a statistical difference between the amount
of sGAG content released into the media between the control plugs 4hrs after exposure, days 3
and 7, plugs exposed to 1Gy 4hrs after exposure, days 1, 3, and 5, plugs exposed to 2Gy on day 0,
4hrs after exposure, and days 3 and 5, p<005, n=25. There was a statistical difference between the
amount of sGAG content released into the media between the control plugs on day 5, plugs
exposed to 1Gy on day 7, the plugs exposed to 1.5Gy on days 0, 1, 5, and 7, and the plugs
exposed to 2Gy on days 1 and 7, p<0.05, n=25. There was a statistical difference between the
amount of sGAG content measured in the media between the control plugs and the plugs exposed
to 1.5Gy on day 0, p<0.05, n=25. There was an average percent increase of 59.9% of sGAG
content released into the media from days 1 and 7 in the irradiated conditions and a percent
change of 34.7% of sGAG content released into the media from days 1 and 7.
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Figure 4.6: A) The normalized amount of sGAG content released into the culture media on days
1, 3, 5, and 7. There was a statistical difference between 4hrs after exposure, days 3, 5, and 7 for
the control plugs, day 0, 4hrs, and day 1 for the plugs exposed to 1Gy, day 0, 4hrs, and days 1, 3,
5, and 7 for the plugs exposed to 1.5Gy, and days 0 and 5 for the plugs exposed to 2Gy, p<0.05,
n=25; 4hrs after exposure and day 5 for the control plugs, day 0, 4hrs, days 1, 3, and 7 for the
plugs exposed to 1Gy, 4hrs after exposure, and days 1, 3, and 7 for the 2Gy, p<0.05, n=25; and
4hrs after exposure and day 1 for the control plugs, p<0.05, n=25. B) There was a statistical
difference in the amount of sGAG content released into the media between day 0, 4hrs, days 1, 3,
5, and 7 for the control plugs on day 0, the control plugs and the plugs exposed to 1Gy, and 2Gy
4 hrs after exposure, the control plugs and plugs exposed to 1Gy and 2Gy on day 3, the plugs
exposed to 1Gy and 2Gy on day 5, and the control plugs on day 7, p<0.05, n=25; on days 0, 1, 3
and 7 for the plugs exposed to 1.5Gy, on days 1 and 7 for the 2Gy plugs, and on day 7 for the
1Gy plugs, p<0.05, n=25; and on day 0 for the control and the plugs exposed to 1.5Gy, p<0.05,
n=25. C) The percent change in the amount of sGAG released into the media from day 1 to day 7.
There was also an increase in the amount of sGAG content measured in the digested
plugs that were exposed to the irradiated conditions and to the control plugs on days 1, 3, and 5
compared to day 0, and a decrease in the amount of sGAG content measured in the digested plugs
7 days after exposure. There was a statistical difference in the amount of sGAG content
remaining in the digested plugs on day 0 after exposure between the control and 1.5Gy plugs, and
between the control and the 2Gy plugs, p<0.05, n=25; on day 5 after exposure between the 1Gy
and 2Gy plugs, p<0.05, n=25; on day 7 after exposure between the 1Gy and 2Gy plugs, p<0.05,
n=25; between day 0 and day 7 for the 1Gy plugs, p<0.05, n=25; and between day 5 and day 7 for
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the 2Gy plugs, p<0.05, n=25. There was an average percent decrease of 38.8% of sGAG content
measured in the digested irradiated plugs from days 1 and 7 and a percent decrease of 20% of
sGAG content measured in the digested control plugs from days 1 and 7.
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Figure 4.7: A) The normalized amount of sGAG content remaining in the digested plugs on days
1, 3, 5, and 7. There was a statistical difference between all conditions all seven days, p<0.05,
n=25. B) There was a statistical difference in the amount of sGAG content remaining in the
digested plugs between all conditions on days 0, 1, 3, 5, and 7, p<0.05, n=25. C) The percent
difference in the amount of sGAG released into the media from day 1 to day 7.
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4.3.3 Histological Analysis
Qualitatively, there were no significant differences seen between the control and
irradiated samples on day 1 and day 7 in each of the three histological stains. In the Hematoxylin
and Eosin stained samples, there was no apoptosis or necrosis detected on day 1 nor on day 7 for
any condition. The chondrocyte density and morphology were similar between each irradiated
condition and the control. The Masson’s Trichrome showed a similar collagen staining between
day 1 and day 7 for the 1Gy and 1.5Gy conditions as well as between the 1Gy and 1.5Gy
conditions and the control. The 2Gy condition showed a lower amount of collagen stained on day
7 when compared to day 1 and when compared to the control. The Safranin O-Fast Green stained
1Gy and 1.5Gy samples showed that the chondrocytes were organized, indicating no signs of
osteoarthritis according to the Osteoarthritis Research Society International (OARSI) scoring
system [16]. The 2Gy stained samples showed disorganized chondrocytes on day 7, but the
surface was still intact, indicating that the cartilage would still be considered a Grade 0 in the
OARSI scoring system [16].
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Figure 4.8: Hematoxylin & Eosin staining for tissues on day 1 for A) control, B) 1Gy, C) 1.5Gy,
D) 2Gy and on day 7 for E) control, F) 1Gy, G) 1.5Gy, H) 2Gy
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Figure 4.9: Masson’s Trichrome staining for tissues on day 1 for A) control, B) 1Gy, C) 1.5Gy,
D) 2Gy and on day 7 for E) control, F) 1Gy, G) 1.5Gy, H) 2Gy.
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Figure 4.10: Safranin O staining for tissues on day 1 for A) control, B) 1Gy, C) 1.5Gy, D) 2Gy
and on day 7 for E) control, F) 1Gy, G) 1.5Gy, H) 2Gy.

4.4 Discussion
Fractionated radiotherapy has become one of the most recognized cancer treatments.
Despite the importance of fractionated radiotherapy in treating cancer, there are very few studies
that have researched the cumulative effects of fractionated radiotherapy on articular cartilage. The
majority of studies have focused on developing radio-therapeutic devices to treat cancer located
in deep tissue as well as fractionated radiotherapy’s effects on the different organs in patients [5].
In this study, it was demonstrated that repeated, low doses of ionizing radiation caused
decreases in the macroscopic compressive stiffness of articular cartilage. The average Complex
Modulus of the irradiated plugs decreased an average of 70.7%, 72.7%, 78.7%, and 72% at 40Hz,
10Hz, 1Hz, and 0.1Hz respectively, which was a greater decrease than the average Complex
Modulus of the control plugs between day 7 and day 1; 6.5%, 11.5%, 2.9%, and 41.2% at 40Hz,
10Hz, 1Hz, and 0.1Hz respectively.
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The DMMB assay results of the sGAGs suggest a gradual release of sGAGs 4 hours, 24
hours (1 day), and 72 (3 days) hours after exposure to the plugs exposed to ionizing radiation.
The higher release of sGAGs into the media and lower sGAG content levels in the digested plugs
on day 0 was expected due to the articular cartilage chondrocytes responding to the stress of
dissection from the knee joint [20]. The sGAG content in the media of the irradiated plugs was
lower than the sGAG content in the media of the control plugs on day 7. The amount of sGAGs in
the digested irradiated plugs was 91.2% lower than the amount of sGAGs in the digested control
plugs on day 7. The average percent change of sGAG content released to the media in the
irradiated samples was drastically lower than the amount of sGAGs released to the media in the
control samples between days 1 and day 7. The average percent decrease in sGAG content in the
digested irradiated plugs was significantly higher than the decrease in sGAG content in the
digested control plugs. Importantly, the amount of sGAG content in the irradiated plugs was
25%-50% less than the concentration of sGAGs in the control plugs. This may be due to the
irradiated plugs inability to synthesize enough proteoglycans to replenish the degraded
proteoglycans 7 days after exposure [7,10].
Literature has shown that the compressive stiffness of articular cartilage is directly
proportional to the proteoglycan content and that proteoglycans account for approximately 50%
of the modulus of articular cartilage [4,13,15]. The Complex Modulus of the irradiated plugs
decreased an average greater than 60% for each frequency between day 1 and day 7. Since the
decrease in average modulus was greater than 50%, this may indicate that the loss of
proteoglycans was not the only factor affecting the modulus after exposure to ionizing radiation
[7]. Chondrocyte viability did not appear to be affected by exposure to any of the ionizing
radiation doses; the H&E stained irradiated sections did not show evidence of apoptosis or
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necrosis, and the Masson’s Trichrome and Safranin O did not show significant fibrillation in the
irradiated sections [7].
Overall, the average Complex Modulus of articular cartilage decreased after exposure to
low doses of ionizing radiation. Therefore, it is possible that ionizing radiation does have a
negative effect on the mechanical properties of the articular cartilage. Since the proteoglycan
content leveled off by day 7 in the irradiated plugs to levels similar to that of the control plugs, it
is possible that the proteoglycan loss was not the only contributor in the decrease of modulus.
This may suggest that the repeated doses of Gamma radiation over a three-day period may have
allowed the articular cartilage to react to the ionizing radiation and begin recovering from the
exposure. Further investigation should be performed to determine if repeated exposures of
radiotherapy doses may cause mechanical and functional damage to articular cartilage and if there
are other contributors besides proteoglycan content causing changes.

4.5 Results for Single Exposures
4.5.1 Macroscopic Mechanical Testing
The average Complex Modulus for the irradiated plugs was higher than the average
Complex Modulus for the control plugs on day 1 at each frequency except 40Hz, but was lower
on day 7 at each frequency. The average overall Complex Modulus was statistically lower
between day 1 and day 7 for each irradiated condition, p<0.05, n=5. The irradiated plugs had a
percent decrease in the average Complex Modulus from day 1 to day 7 of 49.2%, 50.4%, 49.6%,
and 21.0% for each frequency range: 40Hz, 10Hz, 1Hz, and 0.1Hz respectively. The control plugs
had a percent decrease in the average Complex Modulus from day 1 to day 7 of 32.1%, 12.4%,
22.1%, and 40.3% for each frequency range: 40Hz, 10Hz, 1Hz, and 0.1Hz respectively.
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Figure 4.11: A) The average Complex Modulus for the irradiated and control plugs on day 1. The
irradiated plugs had a higher average Complex Modulus than the control plugs except at 40Hz.
B) The average Complex Modulus for the irradiated and control plugs on day 7. The irradiated
tissues had a lower average Complex Modulus than the control plugs. C) The average Complex
Modulus for each condition was lower on day 7 than on day 1 and statistically lower for the
plugs exposed to 1.5mGy. 25mGy and 4000mGy, p<0.05, n=5. D) The average percent decrease
between day 1 and day 7 of the average Complex Modulus for the irradiated and control plugs.
All irradiated conditions, except the 1.5mGy condition, had a higher average Complex
Modulus on day 1 than the control plugs, but on day 7, all irradiated conditions, except the
4000mGy condition, had a lower average Complex Modulus than the control plugs. The average
Complex Modulus was statistically different between day 1 and day 7 for the plugs exposed to
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25mGy at 40Hz and 4000mGy at 1Hz, p<0.05, n=5. The irradiated plugs had a greater percent
decrease in the average Complex Modulus from day 1 to day 7 than the control plugs for each
frequency range, except at 0.1Hz. The plugs exposed to 4000mGy, had a percent decrease in the
average Complex Modulus between Day 1 and Day 7 lower than that of the control plugs at
0.1Hz, whereas the other irradiated conditions each had a higher percent decrease than the control
plugs.
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Figure 4.12: A) The average Complex Modulus for each irradiated condition and control plugs
on day 1. B) The average Complex Modulus for each irradiated condition and control plugs on
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day 7. The plugs exposed to 1.5mGy and 25mGy had a lower average Complex Modulus than the
control plugs. C) The average Complex Modulus for the plugs exposed to 25mGy were
statistically lower on day 7 than day 1 at 40Hz (p<0.05), n=5; the average Complex Modulus for
the plugs exposed to 4000mGy were statistically lower on day 7 than day 1 at 1Hz, p<0.05, n=5.
D) The percent decrease between day 1 and day 7 of the average Complex Modulus for each
condition.

4.5.2 sGAG Content Analysis
There was an increase in the amount of sGAG content measured in the irradiated and
control plugs media days 1, 3, 5, and 7 after exposure, except for the plugs exposed to 1.5mGy,
there was a decrease in amount of sGAG content measured over the 7 days after exposure. There
was a statistical difference between the amount of sGAG content released into the media on day 0
between all conditions, on day 1 for the 1.5mGy, on day 3 for all conditions, on day 5 for the
plugs exposed to 25mGy and 4000mGy, and on day 7 for the control plugs and the plugs exposed
to 25mGy and 4000mGy, p<0.05, n=25. There was a statistical difference between the amount of
sGAG content released into the media on day 1 for the control plugs, the plugs exposed to 25mGy
and 4000mGy, one day 5 for the plugs exposed to 4000mGy, and on day 7 for the control plugs
and the plugs exposed to 1.5mGy and 25mGy, p<0.05, n=25. There was also a statistical
difference on day 5 between the control plugs and the plugs exposed to 1.5mGy, p<0.05, n=25.
There was a statistical difference between the control plugs on day 7, the plugs exposed to
1.5mGy on days 0 and 7, the plugs exposed to 25mGy on days 3, 5, and 7, and the plugs exposed
to 4000mGy on days 0, 1, 3, 5, and 7, p<0.05, n=25. There was also a statistical difference
between the control plugs on days 0, 1, 3, and 5, the plugs exposed to 1.5mGy on days 1, 3, and
5, and the plugs exposed to 25mGy on days 0, 1, and 3, p<0.05, n=25. There was an average
percent decrease of 60.7% of sGAG content released into the media from days 1 and 7 in the
irradiated conditions and a percent change of 86.4% of sGAG content released into the media
from days 1 and 7.
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Figure 4.13: A) The normalized amount of sGAG content released into the culture media on days
1, 3, 5, and 7. There was a statistical difference days 0 and 3 for the control plugs, days 0, 1, and
3 for the plugs exposed to 1.5mGy, days 0, 3, 5, and 7 for the plugs exposed to 25mGy, and days
0, 3, 5, and 7 plugs exposed to 4000mGy, p<0.05, n=25; days 1 and 7 for the control plugs, days
5 and 7 for the plugs exposed to 1.5mGy, days 1 and 7 for the 25mGy, and days 1 and 5 for the
4000mGy, p<0.05, n=25; and day 5 for the control plugs and the plugs exposed to 1.5mGy,
p<0.05, n=25. B) There was a statistical difference in the amount of sGAG content released into
the media between day 7 for the control plugs, days 0 and 7 for the plugs exposed to 1.5mGy,
days 3, 5, and 7 for the plugs exposed to 25mGy, and days 0, 1, 3, 5, and 7 for the plugs exposed
to 4000mGy, p<0.05, n=25; on days 0, 1, 3 and 5 for the control plugs, days 1, 3, and 5 for the
plugs exposed to 1.5mGy, and on days 0,1, and 3 for the plugs exposed to 25mGy, p<0.05,
n=25.C) The percent increase in the amount of sGAG released into the media from day 1 to day
7.
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There was also decrease in the amount of sGAG content measured in the digested plugs
that were exposed to the irradiated conditions and to the control plugs on days 1, 3, and 7 after
exposure, and a slight increase in sGAG content measured in the digested plugs on day 5 after
exposure. There was a statistically significant decrease in sGAG content measured in the digested
plugs between days 0 and 5 for the plugs exposed to 4000mGy, p<0.05 ,n=25; between days 0
and 7 for the control plugs and the plugs exposed to 1.5mGy, p<0.05, n=25; and between days 5
and 7 for the plugs exposed to 4000mGy, p<0.05, n=25. There was an average percent decrease
of 33.9% of sGAG content measured in the digested irradiated plugs from days 1 and 7 and a
percent decrease of 20.5% of sGAG content measured in the digested control plugs from days 1
and 7.
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Figure 4.14: : A) The normalized amount of sGAG content remaining in the digested plugs on
days 1, 3, 5, and 7. There was a statistical difference between days 1, 3, 5, and 7 of the control
plugs, days 0, 1, 3, 5, and 7 of the plugs exposed to 1.5mGy, between days 0, 1, 3, 5, and 7 for the
plugs exposed to 25mGy, and days 0, 1, 3, 5, and 7 of the plugs exposed to 4000mGy, p<0.05,
n=25; and on day 0 between all conditions, p<0.05, n=25. B) There was a statistical difference
in the amount of sGAG content remaining in the digested plugs between all conditions on days 0,
1, 3, 5, and 7, p<0.05, n=25.C) The percent decrease in the amount of sGAG released into the
media from day 1 to day 7.

71

4.5.2 Histological Analysis
Qualitatively, there were no significant differences seen between the control and
irradiated samples on day 1 and day 7 in each of the three histological stains. In the Hematoxylin
and Eosin stained samples, there was no apoptosis or necrosis detected on day 1 nor on day 7 for
any condition. The chondrocyte density and morphology were similar between each irradiated
condition and the control. The Masson’s Trichrome showed a similar collagen staining for day 1
for the control, 25mGy, and 4000mGy conditions and a similar collagen staining on day 7
between the control and 25mGy conditions. The 1.5mGy condition stained a darker blue on day 1
and day 7 than the control and the 4000mGy condition stained a darker blue on day 7 than the
control. The Safranin O-Fast Green stain showed that the chondrocytes were organized,
indicating no signs of osteoarthritis according to the Osteoarthritis Research Society International
(OARSI) scoring system on day 1 and day 7 for all conditions except for the 4000mGy condition.
On day 7, the 4000mGy samples showed less cartilage and more cytoplasm than the control and
other conditions, but the chondrocytes were still organized, indicating that the cartilage is still
considered a Grade 0 in the OARSI scoring system [16].
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Figure 4.15: Hematoxylin & Eosin staining for tissues on day 1 for A) control, B) 1.5mGy, C)
25mGy, D) 4000mGy and on day 7 for E) control, F) 1.5mGy, G) 25mGy, H) 4000mGy.
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Figure 4.16: Masson’s Trichrome staining for tissues on day 1 for A) control, B) 1.5mGy, C)
25mGy, D) 4000mGy and on day 7 for E) control, F) 1.5mGy, G) 25mGy, H) 4000mGy.
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Figure 4.17: Safranin O staining for tissues on day 1 for A) control, B) 1.5mGy, C) 25mGy, D)
4000mGy and on day 7 for E) control, F) 1.5mGy, G) 25mGy, H) 4000mGy.

4.5 Discussion
Predominately, there are conflicting conclusions that have been drawn in X-ray studies with
some studies suggesting X-rays have positive effects on articular cartilage, some suggest there are
no effects of X-ray exposure on articular cartilage, and others suggest X-rays have negative
effects on articular cartilage. However, every study consistently concludes that more research
needs to be conducted to determine if articular cartilage is affected by X-ray radiation.
In this study, it was demonstrated that low doses of X-ray radiation caused only a slight
decrease in the macroscopic compressive stiffness of articular cartilage. The average Complex
Modulus of the irradiated plugs decreased an average of 52.7%, 52.0%, 55.7%, and 51.7% at
40Hz, 10Hz, 1Hz, and 0.1Hz respectively, which was a greater decrease than the average
Complex Modulus of the control plugs between day 7 and day 1; 32.1%, 12.4%, 22.1%, and
40.3% at 40Hz, 10Hz, 1Hz, and 0.1Hz respectively.
The DMMB assay results of the sGAG content suggest a gradual release of sGAGs 1, 3,
5, and 7 days after exposure to ionizing radiation. The higher release of sGAGs into the media
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and lower sGAG content levels in the digested plugs on day 0 was expected due to the articular
cartilage chondrocytes responding to the stress of dissection from the knee joint [20]. The sGAG
content in the media of the irradiated plugs was 10.6% lower than the sGAG content in the media
of the control plugs on day 7. The amount of sGAGs in the digested irradiated plugs was slightly
lower than the amount of sGAGs in the digested control plugs on day 7. The average percent
increase of sGAG content in the irradiated media was lower than the sGAG content in the control
media between days 1 and 7. The average percent decrease in sGAG content in the digested
irradiated plugs was higher then the sGAG content in the digested control plugs. This shows that
there was a higher increase in the average amount of proteoglycans released from the digested
irradiated plugs between days 1 and 7 than the control plugs. The amount of sGAGs released into
the media increased on day 1 for the 1.5mGy then lowered back down to a similar amount as day
0, which suggests that the plugs exposed to 1.5mGy were able to synthesize enough
proteoglycans 1 day after exposure to replace any loss proteoglycans [7,10]. For the 25mGy
plugs, the amount of sGAGs released into the media steadily increased until day 5 and then
lowered slightly on day 7 and the 4000mGy plugs released sGAGs into the media steadily for 7
days; along with the average difference between the amount of sGAGs remaining in the digested
plugs between days 0 and 7 being 25%-50% less than that of the control plugs, this suggest that
the irradiated plugs were potentially unable to synthesize enough proteoglycans to replenish the
degraded proteoglycans 7 days after exposure [7,10].
Literature has shown that the compressive stiffness of articular cartilage is directly
proportional to the proteoglycan content and that proteoglycans account for approximately 50%
of the modulus of articular cartilage [4,13,15]. The Complex Modulus of the irradiated plugs
decreased an average greater than 51% for each frequency between day 1 and day 7. Since the
decrease in average modulus was greater than 50%, this may indicate that the loss of
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proteoglycans was not the only factor affecting the modulus after exposure to ionizing radiation
[7]. Chondrocyte viability did not appear to be significantly affected by exposure to any of the
ionizing radiation doses; the H&E stained irradiated sections did not show significant evidence of
apoptosis or necrosis, and the Masson’s Trichrome and Safranin O did not show significant
fibrillation in the irradiated sections [7].
Overall, the average Complex Modulus of articular cartilage decreased after exposure to
low doses of X-ray radiation. Therefore, it is possible that X-ray radiation does have a negative
effect on the mechanical properties of the articular cartilage. The acute and persistent release of
proteoglycans in the plugs exposed to 25mGy and 4000mGy is a possible contributor for the
decrease in modulus since these plugs had a significantly lower modulus on days 1 and 7 as well
as had a significantly higher sGAG content 5 days after exposure in the media. However, the
1.5mGy plugs were able to return sGAG levels in the media to levels similar to day 0 levels. This
may suggest that exposure to very low doses of X-ray radiation may not lead to significant
changes in the proteoglycan structure within the articular cartilage. Further investigation should
be performed to determine if medically relevant doses of X-ray radiation exposures may cause
mechanical and functional damage to articular cartilage.
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CHAPTER FIVE
POTENTIAL MECHANISMS FOR THE MECHANICAL AND FUCNTIONAL
EFFECTS OF MEDICAL DOSES OF X-RAY RADIATION ON ARTICULAR
CARTILAGE
5.1 Introduction
Despite the inconsistencies in literature on the effects of low dose radiation on articular
cartilage, the majority of studies, when examining articular cartilage, assess cellular senescence,
apoptosis, and degradation of the extracellular matrix [9]. There are several conditions, including
oxidative stress and DNA damage that are associated with cellular senescence [3]. When cells
become senescent, they experience an irreversible arrest of cell proliferation or growth [7].
Ionizing radiation has been directly linked to inducing double strand break, which may lead to the
activation of cellular senescence [4]. Cellular senescence has been associated with a reduction in
the capacity of articular cartilage to regenerate, which has led to the theory that chondrocyte
senescence may play a role in the development and pathogenesis of osteoarthritis [3]. Studies
suggest that there is an up-regulated senescent-associated-β-galactosidase expression when
cellular senescence is induced [3].
This cellular change may lead to changes in the mechanical properties of articular
cartilage. The mechanical properties may also be altered by the degradation of the extracellular
matrix; changes in matrix metabolism may lead to weakening of the articular cartilage, which
may lead to joint erosion [13]. The Matrix Mettalloproteinases (MMPs) family and a disintegrin
and metalloproteinase with thrombospondin type-1 motifs (ADAMTS) family are biomarkers
related to the onset of articular cartilage degeneration by degrading the extracellular matrix [6,8].
Primarily, MMP-13 has become the focus of research due to its over-expression in osteoarthritic
articular cartilage and lack of expression in healthy tissue [6]. ADAMTS5 is an enzyme that
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degrades the extracellular matrix and shows proteolytic activity toward proteoglycans such as
aggrecan [1]. Aggrecan is a proteoglycan found in articular cartilage that aids in the compressive
resistance of articular cartilage [12]. In osteoarthritis, it has been found that ADAMTS5 is
responsible for the degradation of aggrecan in osteoarthritic models [15]. Currently, the effects of
radiation on the extracellular matrix of articular cartilage are unclear [10].

Figure 5.1: In osteoarthritis, ADAMTS5 and MMP-13s are activated
(https://www.nature.com/articles/boneres201540).

5.2 Materials and Methods
5.2.1 Articular Cartilage Harvest
Ten porcine knee joints were acquired from Snow Creek Meat Processing and transported
on ice to the lab. Excess fat, tissue, and ligaments were removed from each knee joint to expose
the femoral condyles. Plugs of the articular cartilage were punched using a 5mm biopsy punch
along the femoral condyles in the same pattern as seen in Figure 3.1.
Once the plugs were punched, the plugs were placed in a 50mL centrifuge tube. The plugs
were washed with 150μL of the same anti-microbial wash described in chapter three. The wash
was removed, and the chondrocyte isolation was begun.
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5.2.2 Chondrocyte Isolation
Seven days prior to exposure, the cartilage plugs were treated with 2.5% (w/v) Pronase E
for 1 hour. After one hour, the Pronase E was removed, and the cartilage was digested in 20-fold
digestion media overnight in 37ºC. The 20-fold digestion media contained collagenase II and
DMEM with high glucose. After digestion, the digestion media was pipetted up and down
vigorously 20 times to dissociate the chondrocytes out of the matrix. The media with the
chondrocytes was transferred to a 50mL centrifuge tube through a 70µm cell strainer. This was
repeated 3 times to ensure as many chondrocytes as possible were blown out. The vial with the
chondrocytes in media was centrifuged at 1000rpm for 5 minutes, washed 3 times, and then
seeded onto Mylar® sheets in a Mylar® cup. The entire isolation protocol can be found in
Appendix B. The culture media consisted of DMEM/Ham’s F-12 medium supplemented with
10% fetal bovine serum to promote confluency [13].

5.2.3 Radiation Mylar® Cup Assembly
To perform the radiation exposures, the chondrocytes were seeded onto Mylar® sheets
that were part of a cup system. The system consists of a smaller cup within a larger cup, with a
sterilized Mylar® sheet making up the bottom of the system and a lid to close the cup system.
The assembly of the cups is seen in Figure 5.2 with the final cup system seen in Figure 5.3.
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Figure 5.2: From left to right: the Mylar® sheet, the larger outer cup, the smaller inner cup, and
the lid to the cup system.
1

2

3

Figure 5.3: Assembly process of the Mylar® cups. Step 1: the Mylar® sheet is cleaned in 100%
ethanol, then in sterile PBS for a minute each. Step 2: the Mylar® sheet is placed on top of the
larger outer cup. Step 3: the smaller inner cup is placed on top of the mylar sheet and then
quickly forced down.
B

A

Figure 5.4: A) Single cup system, B) the four cups for the exposure: C is for the control, 1.5 is for
the 1.5mGy exposure, and 25 is for the 25mGy exposure.

82

The Mylar® sheets were cleaned by sitting in 100% ethanol for 1 minute then placed in
sterile PBS for 1 minute. Each sheet was then placed onto kimwipes and allowed to dry for 5
minutes before being placed into the cup system.
After assembly, collagen I was dissolved in 0.2M HCl at 30µg/mL and 2mL of the
solution was placed into each cup. The cups were placed in an incubator at 37ºC and allowed to
sit overnight. The collagen I solution was removed the next day. A solution of 300µg/mL of
collagen I in 0.2M HCl was pipetted into the first cup for 10 seconds and then transferred to the
next cup and repeated for the rest of the cups. The cups were then left to dry in the hood.
Once the cups were dried, 2mL of the chondrocyte suspension was pipetted into each cup
and allowed to incubate overnight at standard conditions. The media was replaced the following
day.

5.2.4 Radiation Exposure
The media was changed on the day of exposure, day 0. The cups were transported to the
radiation facility in a portable incubator that maintained standard temperature conditions. The
exposures were performed using an experimental tube from Moxtek, Inc. (Orem, Utah), with the
following parameters: a maximum voltage of 50KeV, a maximum current of 200uA, and a
maximum power of 4W. The X-rays rom the Moxtek tube were aimed to a copper plate so that
the characteristic X-rays coming from the metal irradiated the samples [11]. Two cups were
exposed to 1.5mGy and two cups were exposed to 25mGy at a dose rate of 0.1736241mGy/min.
The two control cups traveled to the facility, but were not exposed. One cup was designated day 1
and one cup was designated day 7 for each condition.
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B
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1
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Figure 5.5: A) The steel box containing the X-ray irradiator and the Mylar® cup system. B) The
inside of the X-ray irradiator. 1 indicates where the X-ray originates; 2 indicates the copper plate
that the beam hits; the characteristic X-rays from the copper than hit 3, the Mylar® cup system.

5.2.5 ADAMTS5 Detection
The media collected in section 4.5.2 were set aside to perform the ADAMTS5 detection
on days 1 and 7 after exposure. A positive control was created by placing articular cartilage plugs,
5mm in diameter and 2mm in height, in a metal container and then crushed using a mallet. The
plugs were placed in a 6-well plate and covered in 6mL of media. The media was collected on
day 7. A western blot was performed to detect the presence of ADAMTS5 in the media samples
following standard western blot techniques using the ADAMTS5 Polyclonal Antibody from
ThermoFisher (catalog #PA1-1751A).
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A

C

B

Figure 5.6: A) The three components of the crushing system, from left to right: the cork, the
smaller component, the larger component. B) The smaller component placed inside the larger
component. C) The cork placed inside the smaller component.

Figure 5.7: The complete crushing system on the right and the crushing mallet on the left.

5.2.6 Senescence-Associated Beta-Galactosidase Staining
The cups designated for day 1 were stained for senescent cells on day 1 after exposure.
The kit protocol for senescence, the Senescence Detection Kit from BioVision was followed
(catalog #K320). Briefly, the media was removed from the cells and washed twice with 1mL of
1x PBS. The wash was replaced with 1.5mL of 1x Fixation Buffer and allowed to incubate for 67 minutes at room temperature. The cells were then rinsed three times with 1mL of 1x PBS per
cup and then replaced with 1mL of the Staining Mixture and allowed to incubate at 37°C without
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CO2 overnight. The same protocol was used for the day 7 cups. To create a positive control, 3T3
fibroblasts, passage 6, were seeded onto a T75 flask and allowed to grow for four days to reach
confluency and were then reinoculated into a 12-well plate and allowed to grow for two days to
reach confluency. On the seventh day, the cells were exposed to 10 minutes, of UVB lamp,
312nm wavelength, to induce cellular senescence [4,14]. The cups were stained using the same
Senescence Detection Kit and imaged.

A

B

Figure 5.8: UVB lamp used to induce cellular senescence. A) The front view of the lamp. B) The
side view of the lamp, turned upside down. The cups were placed directly on the UVB light.
Equation 5.1: The equation used to determine the amount of time to expose the cells to the UVB
light [4].
irridation time [s] =

𝑒𝑛𝑒𝑟𝑔𝑦[𝐽]
𝑎𝑟𝑒𝑎{𝑚 2 ]

⁄𝑃𝑜𝑤𝑒𝑟[𝑊]
𝑎𝑟𝑒𝑎{𝑚 2 }

5.3 Results
5.3.1 ADAMTS5 Detection
Coomassie Blue stains are used to stain proteins in SDS-Page gels [1]. The Coomassie Blue
stain shown in Figure 5.6 indicates proteins on day 0 and day 1 in the media of each condition.
There was an increase in the size of the darker stain indicating higher amounts of proteins in the
Coomassie Blue stain on day 1 for the 25mGy and 4000mGy exposure plugs. The thick bands of
proteins on day 1 and the darker stained bands on day 0 are around the 50kD ring in the ladder.
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There are also bands detected on day 1 in each condition around the 50kD and 75kD ring in the
ladder. MMP-13 predominately is detected at 48kD and ADAMTS5 is predominately detected at
68kD [1,8].

-250kD
-150kD
-100kD
-75kD
-50kD
-37kD
-25kD
-20kD
-15kD

CD0

CD1 1.5D1 25D1 4D1

L

CD7 1.5D7 25D7 4D7

-10kD

Figure 5.9: Coomassie Blue stain of articular cartilage media after western blot detection for
ADAMTS5. CD0 represents the media from day 0 of the control plugs; CD1represents the media
from day 1 of the control; 1.5D1 represents the media from day 1 of the 1.5mGy exposed plugs;
25D1 represents the media from day 1 of the 25mGy exposed plugs; 4D1 represent the media
from day 1 of the 4000mGy exposed plugs; L represents the ladder used (Bio-Rad Precision Plus
Protein™ Standards Kaleidoscope™); CD7 represents the media from day 7 of the control
plugs; 1.5D7 represents the media from day 7 of the 1.5mGy exposed pugs; 25D7 represents the
media from day 7 of the 25mGy exposed plugs; 4D7 represents the media from day 7 of the
4000mGy exposed plugs.
The ADAMTS5 western blot analysis showed bands on day 1 for the control plugs, the
plugs exposed to 25mGy, and the plugs exposed to 4000mGy. The bands were in line with the
75kD band on the ladder, which is labeled L on the blot. There were also bands on day 7 for all
conditions including the control. The bands were in line with the 10kD band on the ladder, which
is labeled L on the blot. The positive control used for the 68kD ADAMTS5 band was the Abcam
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ADAMTS5 anti-body website. The media taken seven days from the plugs that were crushed was
intended as the positive control did not show any bands when imaged. This may indicate that the
articular cartilage plugs were crushed too much, and the chondrocytes were too damaged to
respond to the imposed mechanical stress.

A

Day 1

C

1.5

25

4

L

C

1.5

25

Day 1

B

Day 7

4

C

1.5

Day 7

25

4

L

C

1.5

25

4

C
-250kD
-150kD
-100kD
-75kD

CD0 CD1 1.5D1 25D1 4D1 L CD7

1.5D7 25D7

4D7

-10kD

Figure 5.10: A) The ladder of the ADAMTS5 western blot membrane. B) The ADAMTS5 western
blot membrane. C) ADAMTS5 western blot membrane with the ladder superimposed and the
positive control to the left of the image (https://www.abcam.com/adamts5-antibodyab41037.html).

5.3.2 Cellular Senescence Indication
There were little to no chondrocytes present in any of the three conditions seven days
after exposure. There was also no indication of cellular senescence seven days after exposure in
the 1.5mGy and 25mGy exposed chondrocytes when compared to the positive control cells.
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Control

1.5mGy

A

25mGy
C

D

G

H

Day 1

B

Positive Control

F

Day 7

E

Figure 5.11: The senescence-associated beta- galactosidase stain on A) Day 1 for the control
chondrocytes, B) Day 1 for the 1.5mGy exposed chondrocytes, C) Day 1 for the 25mGy exposed
chondrocytes, D) Day 7 for the control chondrocytes, E) Day 7 for the 1.5mGy exposed
chondrocytes, F) Day 7 for the 25mGy exposed chondrocytes.

5.4 Discussion
ADAMTS5 is a disintegrin-like and metalloproteinase thrombospondin type 1 motif 5
that is found in joint tissue [1]. It plays an essential role in cleaving aggrecan and has been linked
to arthritic diseases development such as osteoarthritis and rheumatoid arthritis [1]. Therefore,
determining if radiation induces the release of ADAMTS5 is important in understanding the
potential mechanisms behind ionizing radiation’s effects on articular cartilage.
The ADAMTS5 western blot showed bands around 75kD on day 1 for the control plugs
and the plugs exposed to 25mGy and 4000mGy as well as bands at 10kD on day 7 for all
conditions. The 75kD bands suggest presence of ADAMTS5, especially when compared to the
positive control, which has a similar band around 75kD [1]. This would then indicate that the
control plugs and the plugs exposed to 25mGy and 4000mGy released ADAMTS5 1 day after
exposure, but not 7 days after exposure. The control plugs may have released ADAMTS5 in
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response to the stresses the articular cartilage may have experienced when harvested from the
knee joints. However, the Coomassie Blue stain indicates a large amount of protein at 75kD in the
25mGy and 4000mGy exposed plugs and a smaller amount of protein at 75kD in the 1.5mGy
exposed plugs and the control plugs. Since ADAMTS5 does play a role in cleaving aggrecan,
which gives articular cartilage its ability to withstand compressive loads, the activation of
ADAMTS5 could be a possible mechanism for the decrease in Complex Modulus after exposure
to X-ray radiation.
The senescence stain indicated no traces of cellular senescence. This may suggest that
very low doses of X-ray radiation, 1.5mGy and 25mGy, do not induce cellular senescence.
However, there was a very low number of chondrocytes found when examining the Mylar® cups.
Initially, chondrocytes were attached to the Mylar® sheets before exposure, but 1 and 7 days after
exposure the number of chondrocytes greatly decreased. This may be due to the chondrocytes not
attaching well to the Mylar® surface.
Overall, X-ray radiation exposure at 25mGy and 4000mGy showed a release of
ADAMTS5 on day 1, which indicated that X-ray radiation, even at very low doses, may have
more negative effects than previously shown. However, there was no indication of cellular
senescence, which may indicate that X-ray radiation dose not cause damaging cellular changes.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions
This presented research is motivated by the desire to increase the understanding of the
mechanical and functional changes that ionizing radiation may cause on articular cartilage. Due to
the increase in radiation use in medicine as a treatment and diagnostic tool and the inconsistencies
in conclusions drawn about the radioinsensitivity of articular cartilage in literature, it is
imperative to understand how radiation effects articular cartilage [1,6].
In Chapter 3, the effects of Gamma radiation at radiotherapy doses, 2Gy to 3Gy, on
articular cartilage were discussed. As seen in Table 6.2, the Complex Modulus decreased more
than 50% at all 4 frequencies, proteoglycans were steadily released from the tissue over the first
three days after exposure, and there were no qualitative macroscopic changes in the 2Gy, 2.5Gy,
and 3Gy conditions. There were similar results shown in Chapter 4, where the repeated Gamma
radiation exposures of 1Gy, 1.5Gy, and 2Gy were discussed. The main difference seen between
the single doses of Gamma radiation and the repeated doses of Gamma radiation was the amount
of sGAGs released from the tissue into the media. The single doses of Gamma radiation sGAG
content amounts leveled off by day 5 in the media of the plugs exposed to 2Gy and 2.5Gy, but did
not level off in the media of the plugs exposed to 3Gy, and there were significant differences
between the amount of sGAG content in the digested plugs between conditions and days; whereas
the repeated doses of Gamma radiation sGAG content amounts leveled off after seven days in the
media and the digested plugs. This may suggest that the plugs exposed to repeated doses of
Gamma radiation were able to replace some of the proteoglycan content lost into the media,
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whereas the plugs exposed to single doses of Gamma radiation were unable to replace the
proteoglycans loss into the media.
The plugs exposed to X-ray doses showed differences in the changes in Complex
Modulus and proteoglycan content released as seen in Table 6.1. The plugs exposed to 1.5mGy
showed a greater than 50% decrease in Complex Modulus at all frequencies, whereas the plugs
exposed to 25mGy and 4000mGy only saw a 50% decrease in the Complex Modulus at 40Hz and
at 10Hz and 1Hz respectively. The plugs exposed to 1.5mGy and 25mGy showed a steady release
of proteoglycan content into the media over the first five days after exposure. However, the plugs
exposed to 4000mGy showed a steady increase of proteoglycan content released into the media
that was statistically different in the media. The amount of sGAG content remaining in the
digested plugs leveled off by day 7 in all conditions. This suggests that in each of the conditions,
the plugs were able to recover the proteoglycans lost into the media, just as with the plugs
exposed to repeated doses of Gamma radiation. Therefore, it could be concluded that exposure to
very-low doses of X-ray radiation may cause changes in the mechanics of the articular cartilage,
but not necessarily in the proteoglycan structure.
The ADAMTS5 detection showed the presence of ADAMTS5 on day 1 in the control,
25mGy, and 4000mGy media. ADAMTS5 is the major aggrecanase, which means it degrades
aggrecan, especially in arthritic diseases [4]. Aggrecan is a large proteoglycan that is present in
the extracellular matrix as proteoglycan aggregates [5]. Aggrecan provides articular cartilage a
hydrated gel structure that can withstand loads [3]. When ADAMTS5 is present, the aggrecan
will be degraded by the ADAMTS5 enzyme. Thus, the presence of ADAMTS5 on the western
blot membrane at 25mGy and 4000mGy indicated the potential of aggrecan degradation. The
cellular senescence detection did not show cellular senescence in the control, 1.5mGy, and
25mGy Mylar® cups.
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Despite the outcomes of the studies, there were limitations. The chondrocyte isolation did
not yield a large amount of cells and they did not adhere well to the Mylar® surfaces. There was
also the limitation that the irradiation source used for the ADAMTS5 and senescence stain was
not the same source as the source used in the other studies as well as the dose rate was not the
same as the other studies. Another limitation of the X-ray study was that the detection for
ADAMTS5 did not yield any protein in the crushed plugs that were intended as the positive
control for the ADAMTS5 detection.
Table 6.1: Changes seen in articular cartilage exposed to Gamma radiation and X-ray radiation.
Ionizing
Administered
Total
Modulus
>10-25%
Qualitative
Radiation
Dose
Dose
Decrease
Proteoglycans
Macroscopic
Type
[Gy]
>50%
Less Then
Changes
Control
✓
X-ray
0.0015
0.0015
X
X
X-ray

0.025

0.025

X

X

X

X-ray

4

4

X

✓

X

Gamma

2

2

✓

X

X

Gamma

2.5

2.5

✓

✓

X

Gamma

3

3

✓

X

X

Gamma

1

3

✓

✓

X

Gamma

1.5

4.5

✓

✓

X

Gamma

2

6

✓

✓

X

Table 6.2: Changes seen in articular cartilage exposed to X-rays.
Ionizing Radiation
Administered Dose
Matrix Degradation
Type
[Gy]
Detected
✓
X-Ray
.0015

Cellular Senescence
Detected
X

X-Ray

.025

✓

X

X-Ray

4

✓

Not Tested
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Table 6.3: Overall changes seen in articular cartilage exposed to Gamma radiation and X-ray
radiation.
Ionizing
Modulus
>50%
Qualitative
Radiation
Decrease >50%
Proteoglycans
Macroscopic
Less Then
Changes
Control
✓
✓
Gamma
X
X-rays

✓

✓

X

6.2 Recommendations for Future Work
6.2.1 Continue Testing Ultra-Low Dose Radiation
The research presented in Chapters 4 and 5 suggests that there are some mechanical
changes occurring to articular cartilage exposed to low doses of X-ray radiation. The sGAG
content remaining in the plugs exposed to very-low doses of radiation did show a significant
decrease in the amount of proteoglycan content in the digested plugs when compared to the
control plugs. This may suggest that the mechanical changes occurring may be due to the
disruption of the proteoglycans. Therefore, continued research into possible mechanisms for Xray radiation to disrupt the mechanical structure of articular cartilage is important.
6.2.2 Continue Exploring Effects of Frequency of Fractionated Dosing
Patients undergoing fractionated radiotherapy typically receive fractions five days a week
for five to eight weeks [2]. The treatment occurs Monday through Friday so that healthy cells are
able to recover over the weekend [2]. As seen in Chapter 4, repeated doses of Gamma radiation
do cause mechanical changes, but not necessarily in proteoglycan content being released from the
digested pugs. Thus, it would be beneficial to expose cells over a five-day period to fractionated
radiotherapy doses and determine the mechanical and functional changes seen in the articular
cartilage.
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6.2.3 MMP-13 and Apoptosis Detection
Chapter 5 results suggest that very low-doses of X-ray radiation does not cause cellular
senescence, but on day 1, there may be activation of the ADAMTS5 pathway.

Figure 6.1: Activation of ADAMTS5, which leads to osteoarthritis
(https://www.researchgate.net/profile/Ru_Liu-Bryan.jpg).
Since MMP-13 is an indicator of matrix degradation as well as ADAMTS5, it would be beneficial
to determine if MMP-13 is present in the media of X-ray irradiated tissue. To continue
understanding the effects X-ray radiation has on chondrocytes, apoptosis detection would be
important to understand if X-ray radiation kills off the chondrocytes over a period of time.
6.2.4

IGF-1

The research shown in Chapter 5 suggests that ADAMTS5, which cleaves aggrecan, may
be present in the media of plugs exposed to 25mGy and 4000mGy of X-ray radiation. Since
ADAMTS5 leads to extracellular matrix degradation, the presence of IGF-1 should be tested.
IGF-1 is a multifunctional growth factor that can reduce degradation of the extracellular matrix
[8]. The detection of IGF-1 levels in chondrocytes after X-ray exposure would give insight into if
the chondrocytes have become resistant to IGF-1 signaling [7].
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APPENDIX A
Cartilage/Chondrocyte Media
Materials
1. Low glucose Dulbecco’s Modified Eagles Medium (DMEM) (add 435mL to make
500mL of media)
2. HEPES: 10mM (1.192g/500mL media)
3. Proline: 0.4mM (0.023g/500mL media)
4. Ascorbic Acid: 0.020g/mL (0.010g/500mL media)
5. Fetal Bovine Serum (FBS): 10% v/v (50mL/500mL media)
6. Nonessential Amino Acids (NEAAs): 1% v/v (5mL/500mL media)
7. Antibiotic-Antimycotic (AA): 1% v/v (5mL/500mL media)
8. Ampicillin B (AmpB): 1% v/v (5mL/500mL media)
Directions
Perform in a Biosafety Hood
1. Add HEPES, Proline, Ascorbic Acid to low glucose DMEM
2. Filter sterilize DMEM solution with a 0.22 m filter
3. Add FBS, NEAAs, AA, and AmpB to solution
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APPENDIX B
Chondrocyte Primary Isolation
Materials
1. Dissection station (sterile biological hoods, it is recommended that the hood for dissection and
the hood for cell dissociation/seeding are separate due to contamination concern), dissection tools
(mainly a No. 21-23 scalpel, a No. 11 scalpel, a scissor and a tweezer)
2. 37C shaker or incubator/water bath
3. Hemocytometer and optical microscope
4. Vortex and centrifuge works with 15 and 50mL vials)
5. Cell strainer (40 or 70 µm)
6. DMEM high glucose
7. FBS, Penn Strep and other applicable supplements
8. Trypan Blue
Directions
1. Cut the cartilage into ~5 pieces to maximize the surface area. (Note: it’s difficult to separate
the femoral head cartilage from C57BL/6 mice older than 60 days old).
2. (Optional if little tendon/ligament is present) Treat cartilage with 2.5%(w/v) Pronase E for 1hr.
3. Digest cartilage in >20-fold digestion media (~100U/mL collagenase (Worthington) in
DMEM, make sure there’s Ca2+ ion) for ~5hr at 37C with gentle shaking, or overnight without
shaking. The collagenase digestion media can be prepared as 1730U/mL as stock solution in
HBSS, and diluted 1:20 in DMEM when using. (Note: while can be done with 2mL tubes, it’s
preferred to work with 15 or 50mL tube for the ease of next step).
4. Pipette up and down vigorously at least 20 times to dissociate the cells out of the matrix.
Transfer the media with cells to a new vial (usually 15mL or 50mL) through a cell strainer(40 or
70 µm). Add culture media to the cartilage and repeat, transfer to the same new vial. This can be
done a few times but usually after 3-5 times there’s few more cells to blow out.
5. Centrifuge the vial with cell suspension at 1000rpm for 5 minutes. The cells should form a
little pellet at the bottom. Aspirate the media out and discard. Be careful not to vacuum the cells
out. Add fresh culture media(~2-4mL) and wash the cells by vortexing then centrifuge again at
1000rpm for 5 minutes. The wash procedure is usually done for 1-3 times. After the last wash,
add only 1mL culture media.
6. Take a 10µL cell suspension sample, add 30µL Trypan Blue. Count the cells with a
hemocytometer and also assess the viability. (Note: When taking sample, make sure the cell
suspension is mixed well. Cells precipitate whenever the vial is sitting on a vial rack. The counted
cells should be multiplied by the factor of the dilution from trypan blue. For example, if 10µL of
the 1mL cell suspension is mixed with 30µL Trypan Blue and counted 4.7x10 4 cells/mL from the
hemocytometer, the actual number of cells is 4.7x104 cells/mL x 4 x 1mL=1.88x105 cells.
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APPENDIX C
Chondrocyte Monolayer Seeding
Materials
1. Collagen I and HCl
Directions
1. Dissolve collagen I in 0.2M HCl at 30-50µg/mL. Put appropriate amount into the wells
planned for seeding and incubate in 37°C overnight.
2. Remove the fluid. Pipette solution with 300-500µg/mL collagen I in 0.2M HCl into the first
well, wait 10 seconds and then transfer to the next well, repeat for the rest of the wells and
discard. Leave the well plate in the hood and let it dry. After it’s dried, it’s ready for seeding.
3. Prepare cell suspension based on the desired seeding density and cell count from the isolation.
Pipette the appropriate amount into the well and incubate in cell culture incubator (37°C, 5% CO2
humid).
4. The seeding usually takes 5-10 hours. After the seeding is complete, replace the media with the
desired culture media with Penn Strep or equivalent antibiotics.
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APPENDIX D
DMMB Standard Curve

sGAG Content Standard Curve
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APPENDIX E
DMMB Assay
DMMB Working Solution:
1. Dissolve 16mg of DMMB dye in 1L of nanopore water
2. Add 3.04g 99%+ pure glycine, 2.37g NaCl, and 95mL of 0.1M HCol
3. Stir with a stir-bar to mix thoroughly
4. Filter through Watman paper, discard if there is any precipitate
5. Solution may be stored at room temperature and protected from light for up to 2 months
Standard Curve Generation:
1. Make an initial working solution of 100 g/mL GAG by adding 2.0mg Chondroitin
sulfate powder to 20mL of PBS
2. Dilute Appropriately to make final GAG working solutions of 0, 25, 50, 150, 200,
250g/mL
Working Solution (L)
0
50
100
150
250

PBS ( L)
250
150
100
50
0

Final Concentration (g/mL)
0
100
150
200
250

3. Add 180L of DMMB working solution to 18 wells of a U-bottom 96-well plate
4. Add 20L of GAG working solutions to wells in triplicates and shake for 5 seconds
5. Read absorbance at 530nm using a microplate reader
Notes: The standard curve has been provided in Appendix D
Reference: Mort, JS and PJ Roughly. Measurement of glycosaminoglycan release from cartilage
explants. (2007) Methods in Molecular Medicine. 135, 201-209.
sGAG Concentration Calculation:
1. Add 20L of each sample in triplicates in a U-bottom 96-well plate
2. Add 180L of DMMB working solution to each well with a sample
3. Read absorbance using a microplate reader at 530nm

104

APPENDIX F
Dose Rate Calculations for on Campus Source

Dose

Sample
Holder
Area
[mm2]

Detector
Area
[mm2]

Cu Ka Cu Kb
Energy Energy

Ni Ka Ni Kb
Energy Energy

Total
Photons
Absorbed

Total
Energy
Absorbed
[J]

Time [min]

1.5mGy

615.75

25

8.047

8.905

7.478

8.264

415480.49

5.3454E-10

8.6393535

25mGy

615.75

25

8.047

8.905

7.478

8.264

415480.49

5.3454E-10

143.98923
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APPENDIX G
BOSE Electroforce Setup
EQUIPMENT AND SOFTWARE
1.
2.
3.
4.
5.
6.
7.
8.

BOSE Electroforce electromechanical test frame (Model: 3230; Ststem ID: 11-231)
WinTest 7 (version 7.2 2015-09-02; build number 502)
WinTest DMA Application
Load Cell {100lbf – 450N] SN: 423146
Water bath
Compression platens (2x – 25mm diameter)
Long extension rod (6.25” x 0.50” diameter)
Short extension rod for the water bath (3.45” x 0.60” diameter)
REAGENTS

1. 3 – 4L of 1X Dulbelcco’s Phosphate Buffered Saline (PBS)
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PCI Signal Input
Controller

Temperature
Controller

DMA and
BioDynamic
Test Controller

Axial Test Frame
Controller

Figure 1: BOSE Control Tower

Long Extension Rod
Short Extension Rod
Load Cell
25mm Platens

Figure 2: Test setup for the compressive DMA test
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ELECTROFORCE TEST SETUP
1. Connect the 450N load cell (423146) to port ‘IN2’ on the back of the PCI Signal Input
Controller (Figure 1). This load cell should read as channel ‘Load’ in the WinTest software.
2. Attach the water bath to the platform of the test frame. Leave the water bath clamps slightly
loose to allow for alignment of the hole during Lower Test Setup.
3. Assemble the Lower Test Setup (lowest to highest):
3.1. 450N load cell attached to the fine adjust plunger
short extension rod
25mm
diameter platen
3.2. NOTE: in order to prevent leaking, ensure that the extension rod is in the center of the
gasket in the bottom plate of the water bath. If it is not, adjust the position of the water
bath until it is aligned.
4. Securely clamp down the water bath.
5. Assemble the Upper Test Setup (highest to lowest):
5.1. Long extension rod attached to the crosshead
25mm diameter platen
6. Ensure that the drain port of the water bath is closed and fill the bath with PBS, ensure that
the top compression platen is submerged by at least an inch (should take 3-4L of PBS)
7. Power on the control tower in the follow order (power switched are on the back of each unit):
7.1. PCI Signal Input Controller
7.2. Axial Test Frame Controller
7.3. DMA and BioDynamic Test Controller
POWERING ON THE TEST FRAME
NOTE: To ensure maximum stability (prevention of the test frame losing control and crashing),
you MUST ensure that the control channel is in DirCmd A prior to powering the frame on or off.
1. Open the WinTest 7 software
1.1. A dialog box will pop up for a username and password. The username should be
‘username’ and the password should be left black.
1.2. Click ‘Ok’ to continue
1.3. Select File
Open Unsecure Workspace
Project
CashDMA
2. In the ‘Test Setup’ window, click the ‘Adjust Mover’ button
3. Click the ‘Control Channel’ button
4. Scroll and select (highlight) ‘DirCmd A’
5. Click ‘Ok’
6. Click ‘Ok’ again
7. Power on the test frame
7.1. In the ‘Test Setup’ window, click the ‘Mover Power’ button
7.2. Ensure that only ‘Axial Off’ box is checked
7.3. Click ‘On’
7.4. Click ‘Close’
PREPARING THE TEST
1. In the ‘Test Setup’ window, click the ‘Preset: 3mm’ button
2. Wait until the number in the ‘Disp 6.5mm’ box reads 3.000mm
2.1. Right click in the ‘Load 450N’ box
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2.2. Click ‘Apply’ to zero out the load
2.3. Click ‘Ok’
3. Place the sample in the middle of the bottom 25mm diameter platen
3.1. Lift the short extension rod until the sample just barely does NOT touch the top 25mm
diameter platen
4. In the ‘Test Setup’ window, click ‘Adjust Mover’
4.1. Click ‘Control Channel’
4.2. Click ‘Load’
4.3. Click ‘Ok’
4.4. Set the preload value
4.4.1. Change the load value to -2.50N
4.5. Click ‘Apply’
4.5.1. Wait for the number in the ‘Load 450N’ box reaches as close to -2.50N as possible
4.6. Click ‘Control Channel’
4.7. Click ‘Disp’
4.8. Click ‘Ok’
4.9. Record the value in the ‘Axial cmd 6.5mm’ box
4.9.1. Record and save this hold level value
RUNNING THE DYNAMIC MECHANICAL ANALYSIS (DMA) TEST
1. Under the ‘Test Setup’ window, select ‘DMA’ under the ‘Applications’ section (this will
launch the DMA application and open up a new window)
1.1. A window will open asking for a username and password. The username should be left
as ‘username’ and the password left black.
1.2. Select ‘Ok’ to start the application
2. Select ‘File’
‘New’
3. Select ‘Data Channels’
3.1. Check the box for:
3.1.1. ‘Disp’
3.1.2. ‘Load’
3.1.3. ‘Axial cmd’
3.1.4. ‘Axial drv’
3.2. For ‘Displacement Channel’ select ‘Disp’
3.3. For ‘Load Channel’ select ‘Load’
3.4. For ‘Hold Channel’ select ‘Disp’
3.5. For ‘Mover’ select ‘Axial’
3.6. Select ‘Ok’
4. Check the box for ‘Start DMA Analysis Upon Completion’
5. Under ‘Analysis Location’ select ‘Browse’
5.1. Select ‘dma_analysis.exe’
5.2. Click ‘Open’
6. Select ‘Open Condition Files’
6.1. Open ‘HCash’
6.2. Select ‘Edit Condition File’
6.3. Input recorded hold level value in each ‘Hold Value [mm]’ box
6.4. Change ‘Mean Level Rate’ to 0.300mm/sec
6.5. Change ‘Amplitude Control Correction %’ to 8.000
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6.6. Select ‘Ok’
6.7. When prompted with ‘Are you sure you want to exit?’ Select ‘Yes’
6.8. Save the condition file
7. Select ‘Continue’
PREPARING THE TEST FOR EACH SAMPLE
1. Under ‘Specimen ID’
1.1. Enter the name of the sample
2. Select ‘Specimen Shape’
2.1. Select cylinder
2.2. Input the height and diameter of the sample in mm
2.3. Click ‘Ok’
3. Select ‘Setup’
3.1. Select ‘Continue’
3.2. NOTE: This step is important – you have to go back to the setup page after entering your
sample dimensions. Otherwise, the program will return and ‘Out of Range’ warning
message
4. Under ‘Output Data File’ select ‘Browse’
4.1. Enter the name for your data output
4.2. NOTE: This step is ESSENTIAL. Unlike the Instron software, there is no way to recover
data after testing. If you fail to create an output file, there will be no data output.
5. Select ‘Scope’ to open the ‘Scope ID 1’ window
6. Select ‘Start Test’
1.
2.
3.
4.

EXPORTING DATA
Once the test has finished, click ‘DMA Analysis 7’ on desktop
1.1. The most recent file will open
Click ‘Export’ in the top left corner of the window
Click all variables to export
Click ‘Save’
4.1. Name the file the same as the ‘Specimen ID’
4.2. Use a folder on the desktop to store data
4.3. Click ‘Save’
4.4. A .csv file will save the data
TO BEGIN A NEW TEST

1. Remove the old sample and load the new sample onto the bottom 25mm diameter platen
1.1. Make sure sample is in the middle of the platen
2. In the ‘Test Setup’ window, click the ‘Preset: 3mm’ button
3. Wait until the number in the ‘Disp 6.5mm’ box reads 3.000mm
3.1. Right click in the ‘Load 450N’ box
3.2. Click ‘Apply’ to zero out the load
3.3. Click ‘Ok’
4. Place the sample in the middle of the bottom 25mm diameter platen
4.1. Lift the short extension rod until the sample just barely does NOT touch the top 25mm
diameter platen
5. In the ‘Test Setup’ window, click ‘Adjust Mover’

110

5.1.
5.2.
5.3.
5.4.

6.

7.
8.
9.

10.

11.

12.
13.

Click ‘Control Channel’
Click ‘Load’
Click ‘Ok’
Set the preload value
5.4.1. Change the load value to -2.50N
5.5. Click ‘Apply’
5.5.1. Wait for the number in the ‘Load 450N’ box reaches as close to -2.50N as possible
5.6. Click ‘Control Channel’
5.7. Click ‘Disp’
5.8. Click ‘Ok’
5.9. Record the value in the ‘Axial cmd 6.5mm’ box
5.9.1. Record and save this hold level value
Click ‘Setup’ in the DMA test windo
6.1. Click ‘Edit Condition File’
6.2. Input recorded hold level value in each ‘Hold Value [mm]’ box
6.3. Select ‘Ok’
6.4. When prompted with ‘Are you sure you want to exit?’ Select ‘Yes’
6.5. Save the condition file
Select ‘Continue’
Under ‘Specimen ID’
8.1. Enter the name of the sample
Select ‘Specimen Shape’
9.1. Select cylinder
9.2. Input the height and diameter of the sample in mm
9.3. Click ‘Ok’
Select ‘Setup’
10.1.
Select ‘Continue’
10.2.
NOTE: This step is important – you have to go back to the setup page after
entering your sample dimensions. Otherwise, the program will return and ‘Out of Range’
warning message
Under ‘Output Data File’ select ‘Browse’
11.1.
Enter the name for your data output
11.2.
NOTE: This step is ESSENTIAL. Unlike the Instron software, there is no way to
recover data after testing. If you fail to create an output file, there will be no data output.
Select ‘Scope’ to open the ‘Scope ID 1’ window
Select ‘Start Test’
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